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NOMENCLATURE
2A Characteristic area, ft
A (E+) Friction similarity function defined by equation (11-51)
B Constant defined in equation (11-40)
CD Drag coefficient, dimensionless
C0 Proportionality constant in equation (11-47)
Cp Specific heat at constant pressure, BTU/(lb) (°F)
Cv Specific heat at constant volume, BTU/(lb) (°F)
D Minimum inside diameter, ft; DQ, maximum inside diameter
(see Illustration III-l)
Dave Arithmetic mean diameter (D ♦ D0)/2, ft
E Energy, ft-lbf; E, energy per unit time, ft-lb^/sec
E+ Re (e/D0) /&T
F Force, lb-; Fg, force exerted by stationery fluid; F^, force
associated with moving fluid; F^ j, force associated with mov­
ing fluid due to drag friction *
Gmax The mass velocity through the minimum free area of flow
perpindicular to the flow stream for a bank of tubes, 
lb/(sec)(ft^)
Friction, ft-lbf/lb; H£ g, skin friction; Hf^j, drag friction 
K Characteristic kinetic energy per unit volume, (ft)(lb£)/ftJ
L Length of conduit, ft; L', effective flow length NjS^, ft
M Mach number; Mj inlet Mach number
N Number of convolutions per foot; Nr, number of transverse
rows in a tube bundle
xii
Nomenclature (cont'd)
P Absolute pressure, lb^ft^
R Inside radius of circular conduit, ft
IT Universal gas law constant, 10.73 (psia) (ft^)/(°R)(lb mole)
SL Spacing of longitudinal rows of a tube bundle, ft.
T Absolute temperature, °R
W Mass flow rate, lb/hr
X Defined by equation (11-49)
Y Defined by equation (11-49)
c Velocity of sound for an ideal gas /gcyRT , ft/sec
MW
d' Modified volumetric equivalent diameter, ft
4 (minimum area of flow)(NTS^)/heat-transfer area in exchanger
f Fanning friction factor for straight conduit; fB, friction
factor for curved conduit; fj^, defined by equation (V-l)
g(Re) Indicates some function of Re
gc Newton’s law conversion factor, 32.174 (ft)(lb)/(lbf)(sec^)
h Loss of head due to friction, (ft)(lbf)/lb
Colburn factor, defined by equation (11-26) 
k Thermal conductivity, BTU/(hr)(ft)(°F)
m Mass, lb.
n Exponent in equation (11-28), exponent in equation (11-47)
p Wetted perimeter, ft
xiii
Nomenclature (cont’d)
Radial length.from the axis of a circular conduit, ft; 
rg, bend radius (see Illustration III-4)
Time, seconds
Net local velocity, ft/sec; V, average velocity; vmax, 
maximum local net velocity in a closed conduit; v0, 
velocity near the crest of the convolution; vr, the 
tangential velocity of an element in the groove vortex
v/v*
Friction velocity /(gc)(tq)/p , ft/sec 
Distance in axial direction, ft 
Distance in radial direction, ft 
(y) (v*)/v
Distance in a vertical direction, ft
Geometric constant defined by equation (11-52)
Geometric constant defined by equation (11-52)
Ratio of specific heats, Cp/Cy (equation 11-13)
Pressure drop, lbf/ft ; AP$, pressure drop due to skin 
friction; AP^, pressure drop due to drag friction




Longitudinal spacing of roughness elements, ft 
Viscosity of fluid, lb/(ft)(sec)
Nomenclature (cont'd)
2v Kinematic viscosity y/p, ft /sec
p Density of fluid, lb/ft^
o Width of convolution, ft (see Illustration III-l)
t Shear force, (lbf)/(ft ); tq, shear force at the wall of a
conduit
$ Defined by equation (IV-8) and (IV-18)
X Defined by equation (IV-7) and (IV-17)
>|>(Re*) Indicates a function of Re* 
w Angular velocity of vortex, radians/sec
S Defined by equation (IV-10)
De Dean number, (1/2)(Re) /k/rg
Re Reynolds number; Dpv/y; Re', defined by equation (V-2);
Re*, roughness Reynolds number, Re/F/(D/X)
xv
ABSTRACT
The objective of this study was to develop an empirical method 
for predicting flow losses in flexible metal hose. Hoses with annu­
lar and helical convolutions were used; their diameters ranged from 
1/2 to 3 inches. To obtain a wide range of flow rates two test 
fluids were used: air and water.
The correlations developed in this study, for both straight and 
curved hose, relate the Fanning friction factor with Reynolds number 
and hose geometry. For straight hose the correlation has the form:
where ip (Re*) is a function of Re*. Results indicate that two correla­
tions are necessary: one for annular-type hose and another for helical-
matically. A statistical analysis shows that the correlations may be 
used to predict friction factors with an accuracy of about +_ 20% for 
Reynolds numbers from 10,000 to 340,000. Data obtained from the litera­
ture indicate that the correlations can be extended to include Reynolds 
numbers from 2100 to 2,000,000. Data from this study also indicate that 
correlations given by Daniels and Cleveland, Morris, and workers at 
Mississippi State University may be used to accurately predict values 
of the friction factor for flow in flexible metal hose.
1 4 log * if> (Re*)
✓F
type hose. These correlations are presented both graphically and mathe-
xv i
For a given hose the flow behavior can be described by consider­
ing the friction factor as a function of Reynolds number. For Reyn­
olds numbers in the lower end of the turbulent flow regime (10,000 
to about 70,000), the friction factor is independent of Reynolds 
number and has a value of about 0.020. As the flow rate increases 
above this range the friction factor begins to increase with an 
increase in Reynolds number. At very high Reynolds numbers the fric­
tion factor again becomes independent of the Reynolds number. The 
friction factor at very high Reynolds numbers has been found to be 
as much as three times the value in the low range. A Flow model is 
proposed which accounts for this behavior.
The correlation for curved hose has been found to be applicable 
for both annular and helical hoses. The relationship for the ratio 
of the friction factor for a curved hose to that for a straight hose 
is:
where D is the inside diameter and rg is the bend radius. Curved 
sections of hose were studied with the bend angle varying from 0° 
(straight hose) to 180°; tests were run at 30° intervals within 
this range. This correlation may be used to predict friction 
factors with an accuracy of about + 20%.







Approximately twenty percent of the total investment in a typical 
chemical plant is for equipment associated with the transportation of 
fluids. An engineer must have accurate design correlations if he is 
to minimize this invested capital and make the most effective use of 
it. This study is part of a continuing effort to provide these corre­
lations.
Problem Definition:
In the process industries, fluids are usually carried in closed 
conduits--soraetimes square or rectangular in cross-section but more 
often circular. In a chemical plant the conduits in which fluids are 
transported - ducts, pipe, and tubing - are usually circular. This 
shape gives the lowest wetted surface area to volume ratio of any 
cross-sectional geometry; as a consequence flow through a circular 
conduit consumes less energy than would flow through a conduit of the 
same flow area but of different shape.
The characteristics designed into any conduit are dictated by the 
service for which it is intended. The material of construction depends 
upon the properties of the fluid being transported; to obtain resist­
ance to attack by corrosive fluids, the conduit may have to be a spe­
cial metal alloy. The strength of a conduit must be such as to with- 
stand the pressure of the fluid; wall thickness must be increased as 
fluid pressure is increased.
2
To obtain a practical, operable system, additional factors must 
be considered. Conduits are usually exposed to a range of temperatures, 
which in some high temperature lines, may be very large. Temperature 
changes cause the conduit to expand and contract. If the conduit is 
rigidly fixed to its supports it may bend, be torn loose, or even rupture. 
In the process industries almost all metal pipes are used at temperatures 
other than that at which they are installed. For this reason, provision 
must be made for taking up the expansion or contraction, thus avoiding 
any tendency to subject the pipe to excessive strain. This is done by 
bends or loops in the pipe, by packed expansion joints, by bellows or 
"packless" joints, and increasingly by flexible metal hose.
Figure 1-1 shows a sectional view of a typical flexible metal hose. 
This hose has a corrugated (or "convoluted") inner tube of brass, monel, 
Inconel, or stainless steel sheathed with a woven metal cover to give it 
strength. The flexible metal hose has three major advantages over con­
ventional pipe: (1) it compensates for thermal expansion, (2) it can
allow for misalignment, and (3) it permits relative motion between two 
rigid Jiydraulic lines. Short lengths are often used in piping systems 
to eliminate strain; longer pieces are useful in connecting process lines 
to vibrating or moving machinery and in places like drum-filling equip­
ment where the line must be moved frequently. Flexible metal hoses are 
also used in space-oriented applications. Flow lines in the primary and 
secondary propulsion systems of NASA spacecraft are made of flexible metal 
hose.
Perhaps the most significant design criterion for any conduit system 





viewpoint this is a serious limitation on the use of flexible metal 
hoses. The flow loss through a given size flexible hose may be as high 
as 7 to 15 times greater than that of a comparable size standard pipe. 
This increased flow loss is due to the convoluted nature of the tube 
wall which increases the surface to volume ratio and also creates sig­
nificant turbulence over and above that occurring in an ordinary pipe.
Despite the increasingly widespread use of flexible metal hose in 
the process industries and space-oriented work, their selection and use 
is essentially an art. Information on the performance of one hose is of 
little or no value in predicting the performance of another hose of dif­
ferent size or of different geometric design.
Design methods for flexible metal hoses may be described as being 
in a '‘rule of thumb" stage. One such design procedure is: "In a
straight line installation, corrugated hose will produce three times the 
pressure loss normally expected in pipe and interlocked hose double the 
pressure loss of pipe." Since experimental observations have shown that 
a flexible hose can give as much as 15 times the pressure loss as that 
expected in pipe, it is obvious that this rule is not a very safe design 
correlation.
As both a prerequisite for and a consequence of the increasing use 
of flexible metal hose, design methods must advance from the "rule of 
thumb" stage. Flow losses must be related in a more fundamental way to 
the resistance of flow through the conduit. The conventional way of 
doing this for circular pipes is to correlate a friction factor as a 
function of flow conditions, e.g., Reynolds number, and conduit geometry.
5
Hopefully, this type of relationship can be developed for flexible hoses 
and some work has already been done along these lines using the results 
for smooth pipes as a guide.
The purpose of this study is to extend and interpret this approach 
for flexible metal hoses. It is hoped that the end product is an accurate 




This section deals with previous studies which form the basis 
for the development of the relationship between flow losses and 
flow rate in flexible metal hose. Published data on flow in flexible 
metal hoses are meager. Furthermore, empirical correlations developed 
from the data are often conflicting.
This section begins by considering the definition of the friction 
factor. The relationship between the Reynolds number and the friction 
factor is then discussed for various cases. The first case considered 
is for flow in a smooth conduit of circular cross section. The discus­
sion then turns to circular conduits with rough surfaces. Surface 
roughness is considered in two parts: regular roughness elements and
irregular roughness elements.
Definition of Friction Factor:
Consider the steady flow of a fluid in a conduit of uniform cross 
section. The fluid will exert a force F on the solid surface of the 
conduit. This force may be split into two parts: Fs, that force which
would be exerted by the fluid even if it were stationery, and F^, that 
additional force associated with the kinetic behavior of the fluid.
The magnitude of the force F^ may be arbitrarily expressed as the
product of a characteristic area A, a characteristic kinetic energy per
«




F. «* Akf (II-1)K
Note that f is not defined until A and K are specified, With this 
definition f can usually be given as a relatively simple function of 
the Reynolds number and the system shape.
In this study A is taken to be ttDL, where D is the minimum 
inside diameter of the flexible hose, and K is taken to be the quantity 
1/2 pv^. Specifically, f is defined as
Fk * (*d l)(2 ~  P v V  (II-2)
The quantity f defined in this manner is sometimes called the Fanning 
friction factor.
Momentum Balance:
According to Newton's second law, the rate of change of momentum 
equals the net applied force:
dt"iy) = Rc (If) (II -3)dt
The surface forces acting on an element of fluid in a pipe are due to 
the upstream pressure, the downstream pressure, and the peripheral 
shear. The momentum equation for a differential element of fluid is 
then
P £  -  (P + d P ) i E L  -  t  TrDdx = "D2 / p \  v d v  ( I I - 4)
4 4 o  X  U J
The peripheral shear stress can be expressed in terms of the friction
factor f. From the definition of the friction factor
Fk 2 (n -5)r’To-«- sj-f
0
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Inserting this relationship into equation (II-4) and simplifying 
gives:
  _2
dP vdv" 4fv dx /TT ̂
~  * 1;' B5i7" ■0 <n-6)
This equation can then be integrated to give the working equation for
the evaluation of the friction factor.
Friction Factor for the Water System:
For the flow of an incompressible fluid in a horizontal pipe of
uniform cross-section the integration of the momentum equation is
straight f orward.
dv" * 0 p « constant
_2
therefore -AP a L. v (II 7)
» 0 5?c
From this equation it follows that
f « 1 D -APjfc (II-8)
4 L i _2 v
2 pV
This equation shows explicitly how f can be calculated from experimental 
data.
Friction Factor for the Air System:
In order to integrate the momentum equation for a compressible 
fluid the variable density and velocity have to be expressed in terms of 
the variable pressure. It will be assumed that the system is operating 
under approximately isothermal conditions.
9
If all conditions are known at some upstream section, those at any 
arbitrary section downstream can be expressed in terms of known values 
at the upstream section. From the ideal gas equation of state.
Et
constantp p MIV
From the equation of continuity,







Inserting these relationships into the momentum equation and integrating 
gives:
2 - p,2 = piv2Pi
1 ^2 14f £  - 2 InLTT (11-12)
Introducing the Mach number M = v/c, the final working equation becomes
4f L D 1YMf - 2 In
(11-13)
Laminar Flow in a Smooth Pipe:
For fully developed isothermal laminar flow of an incompressible 
fluid in a horizontal pipe, the momentum balance and the definition of 





this result can be arrived at from purely theoretical reasoning. The 
data of Stanton and PannellCl) and Senecal and Rothfus (2) show excel­
lent agreement with equation (11-14) up to a Reynolds number of about
Equation (11-14) is valid only for flow in straight pipes. If the 
pipe is not straight, the velocity distribution over the cross-section 
is altered. This leads to a secondary flow in the pipe and hence the 
frictional losses are greater than those in a straight pipe. Dean (3) 
and Adler (4) have made theoretical calculations for the case of lami­
nar flow. It was found that the characteristic dimensionless variable, 
which determines the influence of curvature for laminar flow, is the 
Dean number:
The experimental results of Adler (4) showed a large increase in
According to his calculations the following relationship held:
vhere fg denotes the friction factor for a curved pipe. Additional 
experimental data indicated, however, that this relationship was invalid
2000.
De = 1_ (Re) 
2 (11-15)
the resistance to flow caused by the curvature
(11-16)
for values of the parameter less than 630. Prandtl






This equation gives good agreement in the range
40 < P.( < 1000
B
NtAdams (6) presents a convenient graphical correlation which shows the 
effect of curvature on f for laminar flow in circular pipes. This plot 
also shows the effect of curvature on the transition Reynolds number.
The curvature of a pipe has a marked effect upon the transition 
Reynolds number causing transition to be delayed to higher Reynolds 
numbers. This effect is also caused by the distortion of the velocity 
profile. Transition Reynolds numbers as high as 8000 have been reported 
for pipes with high curvature.
For laminar flow in a straight pipe the particles of fluid move in 
a direction parallel to the solid boundaries, and there is no velocity 
component normal to the axis of the conduit. For fully developed lami­
nar flow in a circular pipe of constant cross-section the velocity pro­





Experimental investigations have substantiated the accuracy of these 
equations.
12
Turbulent Flow in a Smooth Pipe:
At a Reynolds number of about 2100 the behavior of the friction fac­
tor changes drastically from that predicted by equation (11-14), Below a 
Reynolds number of 2100 the friction factor steadily decreases with 
increasing Reynolds number. When the friction factor reaches a value 
of 0.0075 - corresponding to a Reynolds number of about 2100 - it then 
begins to increase with further increases in the Reynolds number. This 
increase continues until a value of about 0 . 0 1 1 is reached - corresponding 
to a Reynolds number of about 3300. From this point on, the friction 
factor decreases steadily with increasing Reynolds number.
The reason the friction factor changes its behavior in such an 
abrupt manner is that there is a change in the flow mechanism. In the 
Reynolds number range 2100 - 3300 the flow is changing from a laminar 
type, characterized by fluid particles moving in a straight path, to a 
turbulent type, characterized by fluid particles where motions vary 
chaotically with time in magnitude and direction.
The turbulent flow regime normally occurs above a Reynolds number 
of about 3300. For the case of a smooth pipe of constant circular cross- 
section, this regime is characterized by a constantly decreasing fric­
tion factor out to a Reynolds number past 107.
In 1913 Blasius (7) made a critical survey of all available data 
and arranged them in dimensionless form in accordance with Reynolds* 






This relationship is valid for smooth pipes of circular cross-section. 
and is known as the Blasius formula. It is accurate up to a Reynolds 
lumber of 100,000. At the time when Blasius made his study, data were 
not available at higher values.
In 1914 Stanton and Panne11 (1) conducted experiments on the flow 
of air, water, and oil, covering a range of Reynolds numbers from 10 to
500,000. Later, Nikuradse (3) investigated the fl^w of water in smooth 
pipes for Reynolds numbers ranging from 4,000 to 3,240,000. The data 
obtained by these workers clearly showed that the Blasius equation 
could not be used to predict values of friction factors for Reynolds 
numbers above 100,000. It was shown that the Blasius equation pre­
dicted a friction factor which was lower than that actually measured.
Using his own data and that of Stanton and Pannell, Nikuradse 
obtained the following relationship between f and Re:
1 = 4.0 log (Re JT) - 0.40
ti (H-21)
This equation is applicable over a Reynolds number range of 
4000 to 3,240,000. The theoretical work of von Karman (9) and 
Prandtl (10) led to the derivation of an equation with the same form as 
equation (11-21) but differing in the values of the constants. The 
relationship which was derived is:
1 * 4.06 log (ReJf) - 0.60
(H-22)
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The difference between the values predicted by these two equations is 
very small.
The flow of gases through smooth pipes at very high velocities 
was investigated by Froessel (11). By taking into account the fact 
that the density of the fluid was not constant along the length of 
the pipe and that the velocity changed between the inlet and outlet of 
the test section, he concluded that the friction factors are not mark­
edly different from those in incompressible flow. Data obtained by 
Keenan and Neumann (12) also indicates that the friction factor is 
the same function of Reynolds number for compressible flow as for 
incompressible flow.
Neither equation (11-21) nor (11-22) can be used to solve directly 
for a friction factor given a value of the Reynolds number; hence an 
iterative technique must be used since the friction factor appears in 
the logarithmic term. Because of this, a simpler relationship between 
the Reynolds number and the friction factor is desirable. Drew et al 
(13) developed an empirical relationship based on 1,310 experiments 
covering a Reynolds number range from 3,000 to 3,000,000, This rela­
tionship has the following form:
f * 0.00140 + 0.125 (Re) - 0 *32 (11-23)
The friction factor plot based on this equation has been used exten­
sively in reference texts (14,15). From equation (11-23) it is 
apparent that as the Reynolds number increases, the friction factor 
approaches a minimum value of 0.0014. This implies that at larje values 
of Reynolds number the friction factor becomes independent of viscosity-
15
i.e., the contribution of viscous shear is negligible in comparison 
with kinetic effects.
There is another relationship (58) which is often found in the 
chemical engineering literature. It is used in heat tranfer calcula­
tions which make use of the analogy between the transfer of momentum 
and the transfer of heat.
f * 0.046 (11-24)
0.20
Re
Note that this relationship is similar to the Blasius formula.
Turbulent flow in circular tubes has been studied extensively 
since it occurs most frequently in practice. Numerous velocity pro­
files for flow in smooth tubes have been determined experimentally 
and a universal relationship which expresses the velocity distribu­
tion in a tube has been determined. The studies of Stanton et al (16), 
Nikuradse (8), Reichardt (17), Deissler (18), and Rothfus and Monrad 
(19) have provided data for this development.
The velocity profile in turbulent flow is quite different from 
that in laminar flow. For fully developed turbulent flow in a smooth 
circular pipe of constant cross-section the following relationships 
hold:
V  ■ vmax
T72T (11-25)
v “ vmax 1 -f] *
Note that these relationships are based on empirical correlations and 
are only approximations.
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The work of Nikuradse (8) is especially interesting. His expe­
rimental investigations led to the relationship:
1
V * Vvmax 1 - L R n (11-27)
vhere the exponent n varies with the Reynolds number. The value of 
the exponent for the lowest Reynolds number studied (Re = 4000) is 
n = C; it increases to n * 7 at Re * 110,000 and to n * 10 at the 
highest Reynolds number attained (Re ■ 3,240,000). Nikuradse's work 
can be used to express the relationship between the mean and the maxi­
mum velocity:
v - !\---- 2n_  I  vmax
I (n + 1) (2n + 1)1 
, L  J  ' (11-28)
Far a value of n = 6 , v/v max = 0.791: for n = 10, v/v max = 0.865.
Another concept which has been shown to be quite useful is that 
of the "universal velocity distribution". This concept begins by con­
sidering the fluid in a pipe as being divided into three separate zones: 
a central zone, in which only turbulent effects are important, a buffer 
zone, in which both laminar and turbulent effects are important, and a 
laminar sublayer in which only laminar effects are important. The 
velocity distribution for each one of the zones is then determined 
using expressions for the shear stresses. An excellent treatment of 
this topic is given in Bird, Stewart, and Lightfoot (20) and Knudsen 
and Katz (21). Analytically, the universal velocity distribution is 
given by the equations:
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1. Laminar sublayer:
0 <y+<5v = y
2. Buffer zone:
v+ = 5.0 In y* - 3.05 5< y* <30
3. Central (turbulent) zone:




It was from the concept of the universal velocity distribution that 
equation (1 1-2 2) was developed.
The previous results for turbulent flow in a smooth pipe apply 
only to straight pipes. In curved pipes, the friction factor is always 
greater. V."nite (22) has found that the friction factor for turbulent 
flow in a curved pipe can be represented by the equation:
fB = 1.0 + 0.075 Re
(11-32)
In turbulent flow Ito (23) found that the relationship could be 
expressed as:
fB R e |'M
t  ■ W
2 0.05
(11-33)
for Re (R/rg) > 6
Ito also developed a complementary relationship:
^ 1/2» 0.00725 + 0.076




Hawthorne (24) gives an analytical study of the phenomenon of sec­
ondary flow in curved pipes. Extensive measurements and theoretical 
calculations on flow losses in turbulent flow have also been carried out 
by Detra (25) who included curved pipes of noncircular cross-section in 
his studies. It should also be noted that the curvature of a pipe has a 
large effect upon the transition Reynolds number causing transition to be 
delayed to higher Reynolds numbers.
Turbulent Flow in Rough Pipes - Irregular Roughness:
The discussion thus far has been limited to smooth pipes, without 
really defining smoothness. It has long been known that, for turbulent 
flow, a rough pipe leads to a larger friction factor for a given Reynolds 
number than does a smooth pipe. If the roughness in a pipe is reduced, 
the friction factor will be reduced. Continued polishing can get a 
pipe so smooth that additional polishing has no further effect on the 
reduction in the friction factor for a given Reynolds number. The pipe 
is then said to be hydraulically smooth. The previous relationships for 
turbulent flow are valid for this case only.
In order to discuss in a quantitative way the effect of roughness, 
some parameter which describes the roughness must be defined. The most 
exact procedure is to describe the height, the spacing, and the orienta­
tion of the projections into a pipe. In some cases, this complete 
description will net be required - in others, we must be precise as to 
the geometric nature of the projections.
As stated previously, the resistance to flow offered by a rough 
wall is greater than that of a smooth wall. This is indicated by the 
larger value of the friction factor for the rough wall at a given
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Reynolds number. Since the value of the friction factor plays a signifi­
cant part in the design of most piping systems, a critical question 
involves the matter of evaluating the degree of roughness and the extent 
to which this increases the friction factor over that of smooth pipe.
In 1933, Nikuradse (26) made a very intensive study of this problem.
In this study he used circular pipes covered on the inside as tightly 
as possible with sand of a definite grain size glued to the wall. By 
choosing pipes of varying diameters and changing the size of the grain, 
he was able to vary the relative roughness e/R from about 1/500 to 1/15.
In the region of laminar flow Nikuradse found that all rough pipes 
had the same friction factor as a smooth pipe. The critical Reynolds 
number was also found to be independent of roughness. The change in the 
behavior of the friction factor was also observed above a Reynolds num­
ber of about 2100. Again, as in the case of a smooth pipe, the friction 
factor increased with an increase in Reynolds number until a Reynolds 
number of about 3000 was reached. In the turbulent region he found that 
there is a range of Reynolds numbers over which pipes of a given relative 
roughness behave in the same way as smooth pipes, that is, they follow 
the relationship
1 = 4.0 log (Re/f) - 0.40 -  (11-21) 
vT
The rough pipe can, therefore, be said to be hydraulically smooth in 
this range and the friction factor depends on Reynolds number only. 
Beginning with a definite Reynolds number, the magnitude of which increases 
as e/R decreases, the friction factor deviates from the smooth pipe rela­
tionship. At first, the friction factor continues to decrease, but then it
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passes through a minimum and then increases to its final asymptotic 
value. Nikuradse concluded that three regimes must be considered:
1. Hydraulically smooth regime:
0  <  <  5  » f  *  g ( R e )
The size of the roughness is so small that all protrusions 
are contained within the laminar sublayer.
2. Transition regime:
5 < ev* <70 ,' f = g(e/R, Re)
Protrusions extend partly outside the laminar sublayer 
and the additional resistance, compared with a smooth 
pipe, is due mainly to the form drag caused by the 
protrusions in the boundary layer.
3. Completely rough regime:
v
All protrusions reach outside the laminar sublayer and 
the resistance to flow is due to the form drag on them.
In the hydraulically smooth regime Nikuradse showed that equation 
(11-21) could be used to correlate his results. In the completely rough 
regime he found that the following equation could be used:
Note that this relationship is independent of the Reynolds number and 
is accurate for values of R/e > 0.005,
An equation which correlates the entire region from hydraulically 
smooth to completely rough flow was established by Colebrook and White (27).
v
v




1_ * 4.0 log D + 2.28 - 4.0 log 1 - 4.67I (11-36)
For e -*■ o this equation transforms into equation (11-21) valid for 
hydraulically smooth pipes. For Re it transforms into equation
(11-36) for the completely rough regime. In the transition region this 
equation can be used as a good approximation to the data. Note that in 
the transition region the friction factor is a function of both the rela­
tive roughness and the Reynolds number.
Neddertnan and Shearer (28) present an improved correlation for the 
transition region. They reason that the flow in the turbulent core is 
only affected by that part- of the roughness element which projects beyond 
the sublayer. Thus one would expect the friction factor to correlate 
better with e-5y+ than with e. The relationship which they developed 
is as follows:
This equation is valid for values of e+ >12.
Dukler (29) gives a single equation which he claims will accommo­
date the full range of Reynolds numbers and relative roughness which 
are of commercial interest. He expresses the effect of wall roughness 
as a shift in the velocity distribution curve, when this curve is 
expressed in the usual dimension-less coordinates. The expression he 
develops for the friction factor at any roughness condition and Reynolds
4
number is:





1__ « 1.03 + 5,76 log - 1.75 t* - 1.10 (log e+) 2
iff! (11-38)
vhere e+= Re £/[)) /Tff . This equation is valid for e > 0,05.
Below this, equation (11-21) should be used.
Knudsen and Katz (21) present a friction factor chart for the 
determination of the Fanning friction factor in either smooth or rough 
.pipes. The chart is derived from equation (11-14) for laminar flow, 
equation (11-21) for turbulent flow in smooth tubes, equation (11-35) 
for fully turbulent flow in rough pipes, and equation (11-36) for the 
transition region, where the friction factor is a function of both the 
roughness and the Reynolds number. Also presented is a chart giving 
the roughness of commercial pipe as a function of the diameter. Various 
materials of construction are considered.
It should be noted that the behavior of a sand-roughened pipe is 
different from that of a rough commercial pipe. Nedderman and Shearer 
(28) state that the fundamental difference between the two types of 
roughness can be illustrated by a comparison of the relationship 
between the friction factor and the Reynolds number. For turbulent flow 
in a commercial pipe the friction factor decreases smoothly as the Reyn­
olds number is increased and reaches an asymptotic value at high Reynolds 
numbers. In a sand-roughened pipe the friction factor at first decreases, 
passes through a minimum and then increases to its final asymptotic value. 
They attribute this difference in behavior to the fact that the roughness 
in an artificially sand-roughened pipe is more or less regular in form 
whereas the roughness in a commercial pipe is doubtless of a random nature.
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As might be expected, the velocity distribution in a rough pipe is 
different from that in a smooth pipe. Expressing the velocity distribu­
tion function by a power formula similar to equation (11-27), i.e.,
1/n
v- vM X  . rj (11-27)
gLves a value of the exponent of from 1/4 to 1/5.
Tyul'panov (30) noted that as the relative roughness of a tube 
increased the velocity profile became more pointed. Evaluating his 
experiments in the form of a power law, Tyul'panov showed that the 
value of n, for flow in tubes with roughness e/R = 0,1 and 0.2, changed 
along the tube radius and had values from 2 to 4 (for Re - 10,000) and 
from 2.5 to 4 (for Re * 135,000). This deviation from the power law 
indicated that to some degree of approximation the velocity profile 
could be described by a parabolic relationship.
Also, the logarithmic law for velocity distribution was found to 
be valid for rough pipes. This relationship can be represented by an 
equation of the form:
v+ * 2,5 In y + B
e (I1-39)
where B assumes different values for the three ranges of roughness 
discussed previously. In the completely rough regime experiment indi­
cates that B = 8.5, so that in this region equation (11-40) becomes:
v+ « 2.5 In £  + 8.5 (11-40)
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In general, B is found to be a function of the roughness Reynolds number
v*e/v. For the hydraulically smooth region it can readily be shown that
v
Nedderman and Shearer (28) also give a relationship for the velocity 
profile in a rough pipe:
Turbulent Flow in Rough Conduits - Regular Roughness.
Since the grains of sand were glued to the wall as closely to each 
other as possible, the roughness obtained by Nikuradse can be said to 
be of maximum density. In many common situations the roughness density 
of pipe walls is considerably smaller and such roughness can no longer be 
completely described by the height of a protrusion e, or by the relative 
roughness e/D only. When this is the case, Schlichting (31) recommends 
that such roughness be arranged on a scale of standard roughness and to 
adopt Nikuradse?s sand roughness for correlation. This approach is most 
convenient when the flow is in the completely rough region and the fric­
tion factor is given by an equation similar to equation (1-22). The 
method involves correlating any given roughness with its equivalent sand 
roughness and to define it as that value which gives the actual friction 
factor when inserted into equation (11-35).
Schlichting (32) experimentally determined values of equivalent
sand roughness for a large number of roughnesses arranged in a regular
«
fashion. Similar measurements were made by Morbius (33) on pipes which 
had been made rough by cutting threads of various forms into them.
B « 5,5 + 2,5 In v*e. (11-41)
(11-42)
This equation is valid for values of e+ > 12.
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The difficulty in applying the above methods is that it is some­
times impossible to fit rough surfaces satisfactorily into the scale 
of sand roughness. Schlichting (31) relates how a peculiar type of 
roughness, giving very large values of the friction factor, was dis­
covered in a water duct in the valley of the F.cker. This pipe had a 
diameter of 500 mm. and after a long period of usage it was noted that 
the mass flow had decreased by more than 50 percent. Upon examination 
it was found that the walls of the pipe were covered with a rib-like 
deposit only 0.5 mm high, the ribs being at right angles to the flow 
direction. The effective sand roughness indicated values of e/F of 
1/40 to 1/20, however, the actual geometric relative roughness had the 
value of 1/1000, It appears that rib-like corrugations lead to much 
higher values of friction factor than sand roughness of the same abso­
lute dimension.
Kundsen and Katz (34) report the determination of friction factors 
for the turbulent flow of water in annuli containing transverse-fin tubes. 
For this system the friction factor is seen to be a function of two geo­
metric dimensionless numbers. The relationship between the friction fac­
tor and the two dimensionless groups is presented in the form of a chart.
Konobeev and Zhavoronkov (35) of the Soviet Union report a detailed 
study on the hydraulic resistances in tubes with wavy roughness. They 
investigate pipes of both long and short wave roughness. Long-wave 
roughness is defined as that in which the ratio of the wavelength, x» 
to the height, e, is so large that the laminar sublayer is not destroyed 
at any point along the wall. The relationship for the friction factor in 
the case of long-wave roughness is:
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Note that as the value of e/X goes to zero (e ->■ o or X -*• ») this 
equation reduces to the Blasius formula, equation (11-20).
Short-wave roughness is defined as being the condition in which 
the laminar sublayer is destroyed. Experimentally, it was found that 
the parameter E = 2e Dave/X2 could be used to differentiate between 
long-wave and short-wave roughness. Long-wave roughness corresponds 
to values of E less than 0.32, and short-wave roughness to values 
greater than 0.6. All values of E between 0.32 and 0.6 define an 
intermediate transitional region. For short-wave roughness the relation­
ship for the friction factor was found to be:
Note that this relationship is independent of the Reynolds number and 
the wavelength.
Nunner (36) reports some interesting results from his study on 
flow through artificially roughened tubes. He placed semicircular rings 
in in a tube so as to give a corrugated Wall geometry. His results 
indicate a suddenly increasing friction factor near a Reynolds number 
of about 100,000. This increase occurs as a change from an otherwise 





Koch (37) also performed work on an artificially roughened tube.
The roughness pattern he studied was formed from orifice-shaped discs 
inside a smooth tube. Koch also reports a tendency for the friction 
factor to increase for a Reynolds number of about 100,000,
In 1953 Wieghardt (38) conducted experiments involving flow over 
rectangular ribs placed at right angles to the flow. He also conducted 
studies of flow over circular cavities. Both of these systems gave an
increase in the drag coefficient of the plate to which the ribs were
attached or in which the holes were drilled. Photographs in the article
show vortex patterns observed in the holes,
Morris (39) proposed a concept of flow over rough pipe based upon 
the effect of the longitudinal spacing of surface roughness elements and 
their associated vorticity streams. He recognized three basic types of 
rough conduit flow: (a) isolated-roughncss flow, (b) wake-interference
flow, and (c) quasi-smooth or skimming flow. Morris states that wake- 
interference flow is characterized by friction factor-Reynolds number 
curves in which the friction factor increases with increasing Reynolds 
number or is independent of Reynolds number at high values of Reynolds 
number.
Flow in Flexible Metal Hoses:
Reliable published data on flow losses in flexible hose are limited 
in that the data presented primarily deals with straight hose. Bend 
aigle effects and other topological considerations have been neglected 
to a great extent. Also, the data that are available produce wide varia 
tions in the correlations presented by different investigators.
C
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Gibson (40) gave the results of experiments on a pipe of 2.0 in. 
maximum bore, 1.8 in. minimum bore, and 0.4 in. pitch of corrugations.
He observed that the loss of head was proportional to the mean velocity 
raised to an index greater than two. By dimensional analysis he then 
argued that this would lead to the apparently paradoxical result than 
an increase of viscosity would cause a decrease in the loss of head at a 
given rate of discharge. Further tests which he performed using water 
at two different temperatures confirmed this conclusion.
Neill (41) investigated the losses in "standard" corrugated piping 
having a minimum diameter of 15 inches with corrugations 1/2 inch deep 
and a pitch of 2/3 inch. Using these results and the data obtained by 
other investigators he suggested the following relationship:
f - 0.16 M  1/2 ■ CH-45)lDJ
Note that this expression is independent of Reynolds number and there­
fore the friction factor should be determined by pipe geometry alone, 
Straub and Morris (42) also investigated flow in corrugated pipes. 
They state that the friction factor was found to increase with increases 
in the flow rate and water temperature. This result was found to occur 
throughout the range of Reynolds numbers from 76,000 to 1,263,000. In 
the words of the authors, "This unanticipated result was indicated quite 
definitely and systematically by the experiments."
This trend for the friction factor to increase can also be seen in 
the results of the roughest of pipes tested by Streeter (43). He con­
cluded that the shape of the grooves was nearly as important as their 
depth in the determination of the friction factor. In addition, he noted
i
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that, by comparison with the results of Nikuradse, the diameters of the 
equivalent grains of sand used in roughening the pipes always exceeded 
the depths of the grooves.
A comparison between Streeter’s and Nikuradse's results is shown by 
Finniecome (44). This comparison clearly shows that the friction factor 
for a corrugated pipe does not tend to become constant until a higher 
Reynolds number has been reached than would be the case for a pipe 
roughened by grains of sand. However, the friction factor does eventually 
approach a constant value.
It seems that for pipes with the deepest corrugations, there is a 
tendency for the rising portion of the graph of f versus Reynolds number , 
to be prolonged in comparison with the readings obtained front tests on 
smoother pipes. This effect was observed by Ifoeck (57) from many expe­
riments on pipes with varying degrees of roughness and having internal 
diameters ranging from 31.5 to 8 6 . 6  inches.
Allen (45) performed experiments on a corrugated pipe of 0.5 inch 
minimum diameter, 0,813 inch maximum diameter and 0.104 inch pitch. For 
the transition from laminar to turbulent flow he found a critical Reyn­
olds number of 1700 - for flow in a smooth pipe the value is about 2100, 
Also, he found that the index of the mean velocity v" in the equation 
h » CqV*1 (11-46)
(where h is the loss of head and c0 a proportionality constant) is 
approximately 2,31 over the upper portion of the velocity range. Alterna­
tively, a value of 2.434 was derived from a statistical analysis using 
the method of least squares. Allen's results clearly indicate that the 
corrugations have the effect of increasing the value of the friction
r
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factor compared to the results of tests on smooth pipes. However, his 
results also show that the influence of the corrugations may be decreased 
if their pitch is so small that each corrugation forms a pocket of dead- 
water which takes no real part inthe general flow pattern. Some investi­
gators describe the fluid in the corrugations as forming a "pseudo wall" 
under such conditions. The conclusion that Allen draws is that the effect 
of increasing the depth of corrugations in a pipe is small after a certain 
depth has been reached, because the disturbances are confined to the reg­
ion adjacent to the crest of the corrugations, i.e., where the diameter 
of the pipe is a minimum,
Daniels (46) used the IVeisbach-Darcy equation for frictional pres­
sure loss and calculated friction coefficients for annular and helical 
type hoses. He indicates that the loss throug'h a given size flexible 
hose may be seven to fifteen times greater than that of a comparable 
size conventional pipe. Also, he indicates that the helical type hose 
has a lower pressure loss than the annular type. Because his data were 
taken at very high Reynolds numbers (above 500,000), Daniels found that 
the friction factor was constant and not a function of Reynolds number.
Daniels and Fenton (47) present extensive data for both corrugated 
hose and interlocked hose. They conclude from their data that the loss 
factor for flexible hose elbows is normally higher than the value accepted 
for smooth pipe elbows. A correlation for the friction factor is also 
presented in this paper:




Daniels and Cleveland (48), gathering data from several sources, 
have developed a generalized graphical method for predicting the pres­
sure loss in both straight and bent flexible sections. Their plots show 
an abrupt increase in the friction factor at a Reynolds number of about
100,000. At higher Reynolds numbers the friction factor approaches a 
constant value. Again, the relative roughness,e /D, is used as a param­
eter on the friction factor— Reynolds number plot.
Pepersack (49) also presents graphical correlations to predict the 
pressure losses in straight and curved sections of flexible metal hose. 
The pressure drops reported are from 4 to 19 times the loss through an 
equivalent smooth tube. Recommended multiplying factors for predicting 
the pressure loss in straight flexible hose are presented as a function 
of Reynolds number. The data were taken using metal hoses with diameters 
from 1/2 to 4 inches. Also, presented as function of Reynolds number is 
a pressure loss coefficient for 90° bends for flexible metal hose with 
rg/D = 0 to 36. Pressure loss correction factors for bends other than 
90° are also included.
Workers at Mississippi State University (50) developed a correlating 
equation from which the pressure losses for a gas flowing in flexible 
convoluted connectors may be predicted. The equation has the form:
vhere AQ, Aj, A2 , A3 , and Â  are constants which are of themselves 
functions of the geometry of the hose and the Reynolds number. The
1 = 3.48 - A0 In
(Aj)




results obtained from this study also showed a sudden increase in the 
friction factor at a Reynolds number of about 100,000. •
Daniels and Cleveland (51) have developed analytical expressions 
which fit the available data on flexible hose quite well. One such cor­
relation, listed below, showed an average deviation of 17% between pre­
dicted and observed friction factors.
Another correlation, based on the relationship developed by Nikuradse 
for flow in rough pipes, was also given for flow in flexible hoses.
vhere the friction similarity function A(E+) , must be determined empiri-
plot presented by Daniels and Cleveland can be represented by the fol­
lowing relationships:










A(E+) - 3.75 - 2.0 In 2c (11-50)
cally from a plot of A(E+) versus the parameter The
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for E* < 1000 f A (E+) = 11.0
1000< E+ < 10,000 , A (E+) * 3 log E+ + 20
10000 < E+ , A (E+) *= 8.0
Hawthorne and von Helms (52) developed an analytical method for 
calculating pressure losses in corrugated hose by assuming that the 
corrugations behave as a series of uniformly spaced orifices. It is 
stated that flow losses are not induced in the valleys of the corruga­
tions and therefore the relative roughness z /D is not a relevant vari­
able. They assume that the pressure drop is caused by a succession of 
individual flow expansions. The following is the equation given by 
Hawthorne and von Helms for straight sections:
M  |i - L_ _ E i\)J [_ (p + 0.438Xj
This paper also presents a correlation for bends and elbows.
In the study by Hawthorne and von Helms they assume that there is 
stagnant fluid in the valleys of the corrugations. This assumption has 
been attacked on the basis of & study by Knudsen and Katz (34). They 
report the observation of eddy patterns in an area between fins on a 
transverse-finned tube. They report that under almost all conditions of 
turbulent flow there is at least one eddy observed in the region between 
the fins. Tneir results can be analyzed by considering the ratio of the 
fin spacing to the fin height. For values of this ratio between 1.15 and
0.73 the flow pattern is characterized by one circular eddy between the 
fins, which becomes slightly elongated as the ratio nears the lower limit 
of 0.73. Khen the ratio ranges from 0.51 to 0.45, two circular eddies
form between the fins, and they rotate in opposite directions. When 
the ratio reaches a value of 0,31 a circular eddy forms at the outer 
edge of the fin space, but in the space between this eddy and the tube 
wall no steady circular eddies are observed.
Riley, et al (53) developed an equation for predicting friction 
factor in flexible hoso which took the form:
f * a (Re/ (11-52)
where a and 3 are functions of hose geometry. It was found that two 
correlations were needed to define a - one for annular-type hose and 
one for helical-type hose. The functional form of the relationship 
for annular hose was found to be:
o = 0.01588 ^X—aj - 0.00215 (11-53)
The correlation for the helical-type hose is similar:
a * 0.0292 X̂-3̂  - 0.00S86 (11-54)
2The quantity 3 is a function of the geometric parameter (oe/X ). The 
correlation developed with this parameter is independent of the type 
of hose used - that is, it can be used for both helical and annular- 
type hose.
3 * 0.299 /ac\ - 0.0313 (11-55)N
The correlation for curved flexible hose sections was also found 
to be independent of the type of hose used.
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Volume II of a report (54) on a National Aeronautics and Space 
Administration project performed at Louisiana State University con­
tains all of the data used in this study. Also, Volume III of this 
report contains the data reduction computer programs used for the data 
reported in this dissertation,
A review of the existing literature on flow in flexible hoses 
indicates that previous design correlations have been developed almost 
entirely on an empirical basis. It is hoped that by using a mechanistic 
approach this study will lead to an accurate design correlation based 
on sound theoretical reasoning and that this will lead to a better 




The experimental approach was to measure the frictional losses 
produced by flow in flexible metal hoses. Both air and water were
chosen as test fluids so that the results would not depend too
heavily on just one fluid system. Both straight and curved sections 
of hose were studied. Furthermore, the equipment was designed and 
operated with the objective of producing accurate and precise data. 
Flexible Metal Hose;
There are basically two types of flexible metal hose - corrugated 
hose and interlocked hose. Both of these types are available in a wide
variety of constructions, sizes, metals, pressure ratings, and flexi­
bility. The most common method of manufacturing corrugated type hose 
involves corrugating thin-walled tubing. This type of hose obtains its 
flexibility from bending of the metal corrugations. The interlocked 
hose is made by winding a pre-£ormed metal strip into a helically inter­
locked length of flexible tubing. The flexibility is obtained from slid­
ing of metal components in the interlock.
In this study only corrugated flexible hoses were tested. Manu­







The results of this studv indicate that the annular-type hose need not 
be subclassified into open or close pitch in so far as flow loss corre.- 
lations are concerned. The annular correlation developed was found to 
be applicable to either type; The designations annular and helical 
refer to the nature of the convolutions of the flexible hose. The 
convolutions of the annular hose are accordion-like: those of the
helical hose are spiraled.
In order that the correlation cover a wide range of practical appli­
cations the hose tested had to cover a wide range of geometric variations. 
The geometric variables for corrugated flexible hose can be seen in Illus­
tration III—1. Table A-lof the appendix gives the dimensions of the hoses 




Aside from the basic geometric linear variables there is also a shape 
factor which must be considered. This shape factor describes the nature 
of the convolutions. Illustration II1-2 shows a Vteardrop" shaped con­
volution.
ILLUSTRATION III-2
All flexible metal hoses studied in this work had a "finger" shaped con­
volution of t»»e type shown in Illustration III-3.
Che would expect that the "teardrop" shaped convolution would be more 
susceptible to having pockets of dead water between the corrugations.
If so, the results reported in this work would be inapplicable to them.
In planning the experimental work it was decided that three types 
of corrugated hose would be used: closed pitch annular, open pitch
annular, and helical. The sizes (nominal inside diameters) chosen were 
1/2, 3/4, 1, 1 1/4, 1 1/2, 2, 2 1/2, and 3 inches. This gave a total of 
twenty-four flexible metal hoses. All test hoses were 10 feet in length 
with entrance and exit sections made of the same type flexible hose as 
was being tested.
jinn 
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Special note should be made of the flanges used to connect the test 
section with the entrance sections. Illustration III-4' is a schematic of 
a flange section.
There are two points which should be noted about this flange: (1) the
pressure taps are included in the flange, and (2) Dp is equal to D-- 
this is true for all hoses. Special care was also taken to see that 
the flange was connected to the flexible hose at the crest of a convolu­
tion.
As previously noted, the effect of bending the flexible hose was 
also to be investigated. Illustration III-5 shows the experimental set­
up used to study this effect.
Df D
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The experimental equipment used in this study was designed and con­
structed to yield accurate data. Briefly, the equipment consisted of 
two units. The first was designed to measure the rate of flow of water 
through corrugated hose and the corresponding pressure loss; the second 
unit accomplishes the same objectives but with air as the flowing medium. 
Water System:
Figure 111 -1 is a schematic diagram of the water system. Figures 
III-2 and III-3 are photographs of the test system showing the actual 
equipment. The following is a brief description of the individual pieces 
of equipment used.
1. Water was supplied by two centrifugal pumps connected 
in parallel. Each pump was powered by a U. S. Elec­
trical, 3-phase, 220/440 volt, 7.5 h.p. electric motor 
and had the capacity to deliver 300 gpm with a 50 psig 
head. The water was stored in a rectangular tank and 
recirculated.
2. The flov: rates were measured with two devices:
a. A Builders Iron Foundry, Providence, R. I.,
4.0 x 1.75 inch venturi meter for flow rates 
above 20 gpm; and
b. A disc meter for flow rates below 20 gpm.
3. The flow rate was adjusted by manual setting of a 3" 
gate valve,
4. The pressure drop across the venturi meter was 
measured by a Euilder-Providence, Inc., 22" 
singlo-arm, mercury manometer.
5. The pressure drop across the test section was 
measured by:
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b. A mercury u-tubc manometer for differentials 
between 15 and 1 1/2 psi
c, A CC14 u-tube manometer for differentials below 
1 1 / 2 psi.
6 . The temperature was measured by a 120°F mercury ther­
mometer in a thermo-well.
Air System:
Figure III-4 is a schematic diagram of the air system. Figure II1-5 
is a photograph showing the control system used to control the flow rate 
of air through the flexible hose. The following is a brief description 
of the individual pieces of equipment used.
1. Air was supplied by
a. One Davey Air Compressor rated at 210 CFM at 110 psi
b. One Le Roi Air Compressor rated at 315 CFM at 125 psi
t
c. A bank of electrically drive ail compressors arranged 
in parallel to produce 250 CFM at 110 psi. The bank 
of compressors is located in the Mechanical Engineer­
ing Laboratories and were connected to this project
in order to increase the overall capacity of the system.
2. The air-flow rate was measured with a standard orifice 
meter and mercury or carbon tetrachloride manometer.
3. The flow-rate was adjusted by use of a 3" Conoflow globe 
valve which was pneumatically actuated by a differential 
pressure ranging from 3 to 15 psi.
4. The inlet pressure to the hose was regulated and held 
constant by using a 2" Cash-Acme Pressure regulator, which 
had an ope/ating pressure limit of !50 psi.
5. Pressure drops across the test sections were measured with 
standard type mercury or carbon tetrachloride differential 
manometers,
6 . Pressure gauges and thermometers were installed in the 
system as indicated in Figure III-4.
7. Pressure taps were located in the connection flanges of 
the test section. Damping valves were used in the connect­





















Experimental Procedure for Water System:
The basic experimental procedure employed for the water system is 
as follows:
1. Both pumps were started simultaneously and the system 
was allowed to stabilize.
2. The high rates were tested first so the control valve
was opened until a maximum reading was obtained on the
manometer connected to the venturi meter.
3. Tne pressure gauges on the test section were then
observed to determine the range of pressure differential.
4. If the range was above 7 1/2 psi, the readings of the 
gauges were recorded along with the venturi manometer 
reading. If the range was below this value the appro­
priate manometer (u-tube) lead valves were opened, the 
lines bled, and the differential recorded instead of the 
gauge readings.
5. The flow rate was then decreased using the manometer 
across the venturi meter as a guide and the new flow 
meter and pressure differences were recorded.
6 . The procedure in step 5 was followed until a flow rate 
of approximately twenty gallons per minute was observed.
The flow was then directed through the disc meter and 
all subsequent flow rates were obtained by using a stop 
watch to determine the time for 5 to 10 gal. to pass 
through the disc meter.
Experimental Procedure for Air System:
The basic experimental procedure employed for the air system is as
follows:
1. Depending on the size hose being tested, one, two or 
three of three available air compressors were started and 
the line pressure was allowed to reach 125 lbs. of pressure
2. The first reading on any given hose was taken at a pressure
of 40 psig (if achievable) on the inlet to the test section 
The hose was initially at zero degree bend angle.
3. The flow rate was then varied until a predetermined pres­
sure drop (across the test section) was approximated.
The exact pressure drop was measured with a differential 
manometer.
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4. This reading was then recorded along with the inlet tem­
perature and pressure on the orifice section, and the 
pressure drop across the orifice.
The pressure drops were measured with manometers and 
the other pressures with a gauge. Both temperatures 
were measured with Fahrenheit thermometers.
5. The flow rate was then increased, the inlet pressure
being held constant, until the second predetermined 
pressure drop had been reached.
6 . All readings were reached. This procedure was repeated
for all other pressure drop settings.
7. Steps 1 through 6 were then repeated for all other bend
angles being tested.
Range of Measurements:
Experimental measurements of flow rate, pressure drop, and tempera­
ture were carried out over a wide range of conditions.
For the water system:
Volumetric flow rate - 1 to 300 gpm
Average velocity - 1 to 25 ft./sec.
Reynolds number - 6000 to 380,000
Pressure drop across test section - 0.01 to 3.5 psi/ft.
Temperature - 40 to 80°F 
For the air system:
Volumetric flow rate - 5 to 1100 SCFM 
Reynolds number - 10,000 to 550,000 
Pressure drop ratio (-AP/P^) - 0.001 to 0.5 
Inlet pressure (P^) - 20 to 50 psig 
Temperature - 50 to 120°F 
The temperatures for the water system varied with the season, whereas for
the air system a combination of season and compressor effects caused the
temperature to change.
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Bend angles were varied from 0° (straight hose) to 180° - the 
tests being run at 30° intervals. The radius of curvature varied from 
infinity (0°) to 3.18 feet (180°).
CHAPTER IV 
RESULTS
The experimental equipment used in this study was described in 
Chapter III. As noted there, the flow of air was investigated in one 
system and the flow of water was investigated in a separate system.
This chapter will describe the results obtained from these experi­
mental systems and the correlations developed from these results.
Initially the results for the two systems will be described in 
separate sections, however, it will be shown in the latter parts of 
the chapter how the results from the two systems complement one another. 
Experimental Results for Water System:
Figure IV-1 shows a plot of pressure drop versus Reynolds number 
for hose NASA 62. These data were taken on the water system with the 
hose in a straight configuration. The numbering system for the various 
hoses is described in Appendix A. A least squares analysis on these 
data indicates that a straight line relationship has a slope of 2 .2 0 .
It appears that a characteristic of flow in flexible metal hose data 
plotted in this manner is that a slope with a value greater than 2 . 0  
is obtained for a straight line relationship.
Figures IV-2 through IV-9 show pressure drop versus Reynolds number
%
data for straight sections of all helical hoses tested. Note that except 
for hose NASH1 a least squares analysis shows that all of the slopes are
• greater than 2.0. Furthermore, statistical tests indicate that these
50
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Figure IV-7 
Hose NASH 6 
Water System
REYNOLDS NUMBER
i t  r t u
imTT “nr:! |.,I
2.13
Figure IV- 8 




M i n i
59
i Figure IV-9 
J  Hose NASH 8 
Water System
_ T̂ i -u — -u. —i—|— [4 4-L-L4 -U-u. .uu . ̂4 ----44- 4
■;I ia iMp Eh M  tr
£ hi ̂ Reynolds vuMBEB^pr *7 ~  ::t. :r -
r  itij :fB ± ;lE -f 1 n  I 'l iM t i f  te i  4  2
i l S s s M t v T i H i i E h i
r
60
slopes have different values - i.e., an average value would not ade­
quately describe the data.
A value of 2,0 for the slope would indicate that the friction 
factor (defined in Chapter II) was independent of Reynolds number and 
hence was a constant value at all flow rates tested. Similarly, a 
value greater than 2 . 0  means that the friction factor would increase 
in value with an increase in Reynolds number. This can easily be seen 
from equation (II-7), noting that the Reynolds number is directly pro­
portional to the mean velocity.
Figure IV-10 is a comparison plot of five of the helical hoses.
Note that the abcissa is the mean velocity. Examination of these data
shows that the experimental velocity range was from 1 . 0  ft./sec. to
«
about 25.0 ft./sec.
Figure IV-11 is a plot of pressure drop versus Reynolds number 
for hose NASH7 at angles of curvature of 0°, 60°, 120° and 180°. These 
data clearly show that for a given value of Reynolds number an increase 
in bend angle increases the friction. Data for all other hoses follow 
the same trend as that shown in Figure IV-11.
Friction Factor versus Reynolds Number for Water System:
Figures IV-12 through IV-24 show the relationship between the Fan­
ning friction factor and the Reynolds number for flow of water in a 
straight section of flexible hose. These data indicate that initially 
there is a region of low Reynolds numbers where the friction factor 
remains constant: i.e., it is a function of hose geometry only. However,
at some value of Reynolds number the friction factor no longer remains 
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number. The results from hoses NASA 31, NASA 61, and NASA 72 seem to 
indicate that the friction factor again approaches a constant value at 
some higher Reynolds number.
A plot of pressure loss versus Reynolds number must be consistent 
with a plot of friction factor versus Reynolds number. Figures IV-1 
through IV-9 indicate a straight line relationship (on a logarithmic 
basis) for pressure loss and Reynolds number. However, Figures IV-12 
through IV-24 indicate a straight line relationship is not adequate for 
friction factor and Reynolds number.
This phenomena can be explained by considering the magnitude of 
the slopes of these curves. A slope of 2.0 on the pressure loss versus 
Reynolds number curve corresponds to a slope of 0.0 on the friction fac­
tor versus Reynolds number curve, It is mucli easier to detect the dif­
ference in slopes between 0 . 0  and 0 . 2  than it is to detect the differ­
ence between 2.0 and 2.2. The reason the pressure loss versus Reynolds 
number curve appears straight is that the percentage change in the slope 
is very small.
Special note should also be made of the magnitude of these Fanning 
friction factors. In the low Reynolds number region (<75,000) the magni­
tude is about 0.020. For turbulent flow in a smooth pipe the Fanning 
friction factor at a Reynolds number of 60,000 is about 0,005. This 
indicates that mechanical energy is degradated into heat by friction at 
a rate four times greater for flow in flexible hose than for flow in a 
smooth pipe. Furthermore, since the friction factor increases for higher 
flow rates in flexible hose, the ratio of energy degradation becomes even 
greater.
Experimental Results for the Air System:
Figure IV-25 is a plot showing the relationship between pressure 
drop and volumetric flow rate (SCFM) for hose NASA 51 (30° bend angle) 
the parameter is the inlet pressure to the test section. To condense 
these data into a single curve (-AP)/Pj was plotted as a function of 
W/jT/Pj. Figure IV-26 shows the results for hose NASA 51 plotted in 
this manner. Figure IV-27 is a plot of the data for hose NASA 32 and 
Figure IV-28 is a plot of the data for hose NASH 4. Below a value of 
(-AP)/Pj less than about 0.1 the relationship appears linear. Above 
this value* the linear relationship breaks down and the line begins 
to curve with increasing slope.
Figure IV-29 shows the results obtained for four bend angles on 
hose NASA 72. Because of the lack of compressor capacity it was impos 
sible to investigate the nonlinear region for hoses with diameters 
larger than two inches.
Note that the pressure drop data can be correlated for a given 
hose by plotting (-AP)/Pj versus W/T/Pj on log-log paper. This 




where Cj, C2, and C3 are proportionality constants and subscript 1 
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Friction Factor versus Reynolds Number for Air System:
Figures IV-30 through IV-36 show data obtained for the flow of air 
in straight sections of flexible metal hose. The increase in friction 
factor with an increase in Peynolds number is particularly striking.
Note also that the data for hoses NASA21 and NASII2 indicate that the 
friction factor again approaches a region where it is independent of 
Reynolds number.
Combined Results for Air and Water Systems:
Figures IV-37 throught TV-42 show the results obtained by combining 
data from both the air and water systems. From these data a general 
pattern is noted for the behavior of the friction factor as a function of 
Reynolds number. Initially, the friction factor is independent of the 
Reynolds number and depends only on the hose geometry. However, at 
some point the friction factor begins to increase with an increase in 
Reynolds number. This range of increasing friction factor data leads to 
a sigmoid-type curve, i.e., the data take the form of an elongated S when 
plotted, the curve being characterized by a very small initial slope fol­
lowed by a period of rapidly increasing slope which gives way to an inter­
val of nearly constant slope succeeded by a period when the rapidly decreas­
ing slope approaches zero. At larger Reynolds numbers the friction factor 
once again assumes a constant value which depends only on hose geometry.
The overall increase in the friction factor can be as much as 200 per cent. 
Friction Factor Correlations for Straight Sections of Hose:
In general, the friction factor for flow in a conduit is a function 
of both Reynolds number and conduit geometry. As has been discussed in 
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hoses. This study found that two correlations are necessary to adequately 
describe the data obtained on all the flexible hoses. One correlation must 
be used to describe the data gathered on annular-type hoses and a different 
correlation used to describe the data obtained on helical-type hoses.
The graphical representation of the annular hose correlation is shown 
in Figure IV-43. The following variables apply to this figure:
Re* = Re/T (IV-4)
w r
0
♦ (Re*) = 4 log
✓F " W  (IV-5)
This correlation can be divided into three parts. The first part corre­
sponds to the initial region where the friction factor is independent of 
Reynolds number and a function of geometry above:
1. Region I 170 < Re* < 1,400
♦ (Re*) =4,35 . (IV-6)
The second part of the correlation corresponds to the Reynolds number 
range where the friction factor is increasing:
2. Region II 1,400 < Re* < 11,000
X * log Re* - log (1400) (IV-7)
X * log Re* - 3.146128
♦ ■ 4.35 - ♦ (P.e*) (IV-8)
S = log j 20 $ [ (IV-9)
Mog (1 0 0 - *)f
for X < 0.54
§ * x “ 0,094
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for x > 0.54
§ * x - 0.004______  (IV-11)
0.0395"+ 0.633 (x)
The third part of the correlation corresponds to the high Reynolds num­
ber range where the friction factor is again constant:
3. Region III Re* > 11,000
t|, (Re*) = 2.28 (IV-12)
The graphical correlation for the helical-type hose is shown in 
Figure IV-44. Again, the correlation can be divided into three parts:
1. Region I t30 < Re* < 2,000
y (Re*) =4.28 (IV-13)
2. Region II 2,000 < Re* < 16,000
for x S 0.58
«
§ » x ~ 0.116______
0. 153 + 0.4375 (x) (IV-14)
for x > 0.58
5 * X - 0.116 (IV-15)
b.Oati + 0.600 (x)
3. Region III Re* > 16,000
♦ (Re*) =2,28 (IV-16)
Equation (IV-9) is applicable for this figure but equations (TV-7) and 
(IV-8 ) are not. The corresponding equations for Figure IV-44 are:
X = log (Re*) - log (2,000) (IV-17)
« log (Re*) - 3.30103
* 4.28 - \J;(Pe*) (IV-18)
Alternate correlations have been developed for both types of hose
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that in this region the friction factor might correlate better with X/o 
than with i)/X. This being the case, the following correlations have been 
developed:
To aid the designer of flexible metal hose systems Figure IV-43 
and IV-44 have been put into more useful forms. Figure IV-45 shows 
the annular type hose correlation presented as a plot of friction 
factor versus Reynolds number with X/D as a parameter. Figure IV-46 
is a similar plot for the helical type hose.
Curved Hose Correlation:
Figures IV-47 through IV-49 show friction factor data taken at 
various degrees of curvature. The effect of increasing the friction 
factor by an increase in the curvature of the hose is readily apparent. 
However, note also that this effect tends to diminish as the Reynolds 
number becomes very large.
The following correlation has been shown to adequately describe 
the data for curved hoses obtained in this study:
1. Region I
a. Annular-type hose 
1_ _ 4 log X. - 6 , 3 4 (IV-19)
b. Helical-type hose 
1 . 4 log X « 5.77 (IV-20)
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Note that fg is the friction factor for a curved section and f is the 
friction factor for a straight section of the same type of hose.
CHAPTER V 
DISCUSSION OF RESULTS
This chapter attempts to interpret the results in the light of 
existing knowledge. First, a flow model is proposed in an attempt to 
give a rational explanation to the behavior observed for flow in flexi­
ble hoses. It is then shown how this model leads to certain conclusions 
as to which geometric parameters are important for the three flow regions 
discussed in Chapter IV. The correlations developed with these geometric 
parameters are then compared to previously published correlations for 
flow in flexible metal hoses.
Flow Model for Flexible Metal Hose:
Any proposed flow model must take into account the observed flow 
behavior. For flow in flexible metal hoses the flow behavior appears 
to be unique. However, as will be discussed later, there are other 
flow systems whose flow behavior is somewhat similar to that observed 
in flexible hose. Because of this similarity, some of the conclusions 
used to explain the behavior for these systems can be used to help 
explain the observed flow behavior in flexible hoses.
The flow behavior for flexible hose will be described using the 
relationship between friction factor, Reynolds number, and hose geometry. 
For the Reynolds number range used in this study there appears to be 
three distinct flow regions. At the low end of the turbulent regime the
friction factor is independent of the Reynolds number and is a function
92
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only of hose geometry. The lowest Reynolds number obtained in this 
study was about 10,000. However, the work of Allen (45) indicates 
that this region extends to Reynolds numbers much lower than this.
Figure V-l shows data obtained by Allen in the Reynolds number range 
350 to 54,000. These data were taken on a flexible pipe of 0.S inch 
minimum diameter, 0.813 inch maximum diameter and 0.104 inch pitch.
Note that the critical Reynolds number for the transition from lami­
nar to turbulent flow occurs at about 1700. Above a Reynolds number 
of 2 1 0 0 the friction factor assumes a constant value of 0 .0 2 0 .
This indicates that, as soon as turbulent flow is established in
the flexible hose a flow mechanism exists which is characterized by a
friction factor which is independent of Reynolds number. Furthermore,
(
experimental data indicates that this flow mechanism is present in the 
Reynolds number range from 2100 to about 60,000, Experiments further 
indicate that this upper limit of the Reynolds number is a function of 
hose geometry. It has not been established if the lower limit is simi­
larly dependent on geometric factors.
At a Reynolds number of about 100,000 a change in flow mechanism 
obviously occurs in the flexible hose. This is indicated by a change in 
the behavior of the friction factor. Whereas initially the friction fac­
tor was independent of the Reynolds number, it now becomes a strong func­
tion of the Reynolds number increasing with an increase in the Reynolds 
number.
At very high Reynolds numbers, approximately 1,000,000 in some cases, 
the friction factor again enters a region in which it is independent of
j I ’i i l l j l i ;  ! ;ii;piSETOOtSs'NUM HER:!jSti'iiv ! | i |  f t ; r
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the Reynolds number. This behavior is characteristic of all "rough" 
pipe, Nikuradse (26) observed this for sand-grain roughness elements 
and Daniels and Cleveland (51) found it for flow in flexible metal hoses.
The flow of liquids across a tube bank in a heat exchanger exhibits 
a behavior similar to that observed in flexible hose. Numerous investi­
gations of the friction loss for flow across tube banks have been made. 
These data also are usually presented in the form of a plot of friction 
factor versus Reynolds number. However, because of the differences in 
geometry between the two flow systems, the friction factors and Reynolds 
numbers are not identical quantities. This presents no problem in 
interpreting the flow behavior of the two flow systems.
Figure V-2 is a plot of f ^  versus Re' showing data obtained by 
Kays, London, and Lo (55) for 4 different banks of tubes. The defining 
equations for fKL and Re’ are:
fKL - 2(-AP)gcp . d* (V-l)
4G2 L’max
Re’ ■ d'Gmax (V-2)
The behavior shown by curve D is particularly interesting: its shape
is distinctly different from the others and is similar to that observed 
for flow in flexible hoses. This curve represents data taken for tubes 
in an in-line arrangement.
Speculation as to what makes an in-line arrangement behave differ­
ently from a staggered arrangement may provide a clue to the flow mech­
anism occurring in a flexible hose in the region where the friction 
factor increases with an increase in Reynolds number.
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Wallis (56) studied visually the flow of water perpendicular to 
tube banks by observing the motion of fine aluminum powder placed on 
the surface of the water. Wallis was able to obtain photographs of 
the flov; patterns which occurred as the water flowed through the tube 
bank. Both the in-line arrangement and the staggered tube arrangement 
were studied. These arrangements are shown in Illustration V-l.
IN-LINE STAGGERED
ARRANGEMENT ARRANGEMENT
o o o o o
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The flow pattern for the in-line arrangement will be discussed 
first. At low flow rates the pattern around the tube is similar to 
that observed for flow around a single circular cylinder. The sepa­
ration of the boundary layer and the turbulent wake behind each tube 
was quite evident. As the flow rate increased the turbulent wake 
increased in length until it encountered the next tube in the next 
transverse row, and only a very thin boundary layer formed on that 
tube. The spaces between the tubes in all transverse rows contained 
a turbulent wake, while in the unobstructed space between the longi­
tudinal rows there was no evidence of excessive eddying or turbulence.
For the staggered tube arrangement in which the tubes are widely 
spaced, a turbulent wake also occurred behind each tube. However, 
since the next tube was two transverse rows Away, this turbulent wake 
did not reach the next tube. It was found that a boundary layer was 
formed on the forward part of each tube in the bundle and subsequently 
separated. For closely spaced staggered arrangements the turbulent 
wake behind each tube was found to be considerably reduced. With 
these spacings the tubes are not in the turbulent wake of the tubes 
immediately upstream; this results in a reduced energy dissipation.
The only place where there was a large turbulent wake was behind the 
last transverse row of tubes.
Since the flow behavior of the in-line tube arrangement was simi­
lar to that for flexible hose, it appears that similar mechanisms are at 
work. This mechanism can be described as a turbulent wake interfering
<
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vdth boundary layer formation. Its characteristic behavior also seems 
to be an increasing friction factor with an increase in Reynolds number.
If the preceding discussion is taken as a basis, a model for the flow 
mechanisms occurring in flexible hose can now be proposed. The mechani­
cal energy balance for an incompressible fluid in steady state flow 
through a pipe is:
_ 2Av + £  AZ + AP + H = 0 (V-3)
gc P
For a horizontal pipe of constant cross-sectional area the mechanical 
energy balance reduces to:
-AP = Ilf (V-4)
P
Wiere is the mechanical energy dissipated due to friction.
Frictional effects can be subdivided into two parts: (a) skin
friction and (b) form friction. Using this concept equation (V-4) can 
then be written as:
-AP = Hf - Hf + Hf>d (V-5)
P *
where Il£ s is the contribution of skin friction to the total friction 
and H£ j is the contribution of the form friction. In a given situa­
tion, both skin and form friction may be active in varying degrees.
In general, when there is boundary layer separation and wake formation 
the total friction is largely form friction and skin friction is unim­
portant.
The following discussion deals with the proposed flow model for the 
lqw Reynolds number region in which the friction factor is independent
of Reynolds number. There are two important regions in a flexible hose
f
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vhere excessive friction, over and above that experienced in a smooth 
pipe, might be developed. One of these is in the valley between 
the convolutions. The flow model for this region assumes that a stable 
vortex (swirling eddy) is present in this valley and that this is the 
major contributor to skin friction. Another region of friction generation 
is at the crest of the convolution. The flow model assumes that on the 
front side of the convolution a boundary layer is built up and as it 
passes around the crest of the convolution boundary layer separation 
occurs and a wake is formed behind the convolution. However, an import­
ant assumption for this low Reynolds number range is that the wake has 
not developed to the extent that it interferes with boundary layer 
formation on the next convolution.
«
To evaluate the contributions of skin friction and form friction 
equation (V-5) can be written as:
• £ e H f s + Hf d s - ^ ’ ^ l  <v"6)
p * * p o
where -£PS is the pressure drop due to skin friction and is the
pressure drop due to form friction. It now becomes necessary to evalu­
ate the latter two terms in equation (V-6) in order to estimate the 
relative contributions of skin friction and form friction.
The defining equation for friction factors can be used as a basis
for the estimation of the term -AP<j /p .
Fk * A K f (V-7)
The assumption is now made that the convolutions behave as if they were 
doughnut-shaped with diameter equal to the flexible hose dimension a.
The characteristic velocity is taken to be a velocity near the crest of
the convolutions and designated vQ. This velocity would be expected to
{
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be less than the average velocity in the flexible hose. Using these 
assumptions equation (V-7) becomes:
Note that the term. has replaced f in equation (V-7). This is in 
keeping with the common convention of denoting drag coefficients by Cq 
and not f. The term (L/X) has been introduced to take into account the 
number of convolutions per unit length. The kinetic force associated 
with form friction is the product of and the cross-sectioned area
of the flexible hose.
To estimate the contribution of skin friction it is necessary to 
calculate the energy required to maintain the eddy motion in the valleys 
between the convolutions. These eddies can be regarded as essentially 
doughnut-shaped vortices of diameter equal to (X-o), the clear spacing 
between the convolutions and of length equal to the flexible hose per­
imeter p. The velocity at the vortex perimeter is assumed equal to vQ. 
The angular velocity w is assumed constant at any radius.
The energy of flow per unit time through any concentric cylindrical 
shell (with differential thickness, dr) of the vortex is:
(V-8)
Combining this equation with equation (V-8 ) gives:
(V—1 0)




A material balance around this shell also gives:
dm = ppvrdr (V-12)
dt
Combining these two equations results in
E « pp vr 3 dr (V-13)
8c
Substituting the relationship vr = ur into equation (V-13) and assum­
ing that u ■ v0 , where s « (A- a)
S/2
E = pp/l \ v„ 3 r3dr (V-14)
|2gcj (s/2 ) 3
To solve for the energy per unit time required to maintain vortex flow 
in the valleys between the convolutions, equation (V-14) is inte­
grated with respect to r.
£
Energy/tine = fS^2pp vQ3 . r3dr
s3
* ppsv0 3 (V-15)
16 gc
Since the quantity desired is H- equation (V-15) must be put on a per* *S
unit mass basis.
31 (V-16)
This equation reduces to
H„ * 1 . L . /X- a\./vJi3 . 7- (V-l7)
f>s 7 n I— I 4  5?c
Equation (V-10) can also be written in a form similar to equation 
(V-17)
{
(bmbining equations (II-8), (V—17), and (V-18) an expression for the 
friction factor can be obtained:
This expression relates the friction factor to the quantities a, X, Cp 
and the velocity ratio (vQ/v). For a given hose o and X are constant 
and equation (V-19) predicts that f would depend on the quantities Cp 
and (v0/v). The pertinent question now becomes, assuming that the 
flow model is correct, under what conditions would the quantities Cp 
and (v0/v) become independent of the Reynolds number and hence cause 
equation (V-19) to predict a constant friction factor.
The only thing which can be done at the present time to answer 
this question is to take systems for which data are available and 
assume that they are approximations to the real system. First, con­
sider the effect of Reynolds number on Cp. The relationship between 
Cp and Re is well established for flow around a submerged cylinder. 
Assuming a typical case of the flow of water at 5 ft./sec. in a 
flexible hose having a o value of 0.125 inch gives a Reynolds number 
(ov/v) equal to about 6000, At this Reynolds number the value of Cp 
is about 1.0 . However, the important point is that a Reynolds number 
with this order of magnitude defines a region where Cp is independent 
of Reynolds number, in fact Cp is about 1.0 for the Reynolds number 
range from 100 to 200,000. It' appears reasonable to assume that for
f * (V-19)
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flow at low Reynolds numbers would be independent of Reynolds number
for all of the hoses tested in this study.
Consideration now turns to the quantity v0/7. Assume that the 
velocity distribution in a flexible hose can be represented by an 
equation of the form:
v * 2.5 In M +  B
”  1 1 (V-20)
Where B is a constant whose magnitude depends on the roughness of
the flexible hose. For the velocity vQ this equation becomes:
v0 = 2.5 W y \ +  B (V-21)
v  \ r j
vhere y^ is some small distance measured from the crest of the con- ' o
volution. From the definitions of the friction factor and v* the 
following relationship can be derived:
v * _j  (V-22)
v* /TTT
Using equations (V-21) and V-22) to solve for vn/v̂
vo - 17 12.5 In Xo + B |
7  ~  )
(V-23)
This result indicates that for a given hose the ratio vQ/v depends on 
the value of the friction factor, however, since the friction fa.ctor 
remains constant for turbulent flow in the low Peynolds number region, 
equation (V-23) predicts that vQ/V will also be independent of Reynolds 
number.
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These results indicate that in the low Reynolds number range 
equation (V-19) may be an acceptable model for the proposed flow 
mechanism. To get a rough idea of the order of magnitude of the 
friction factor predicted by equation (V-19) consider a case for 
flow through hose NASH 4. For this hose a/X ■ 0.125/0.250 » 0.50 
and the value of CD is assumed to be 1,0, At the present time, all 
that is known about the magnitude of vQ/v is that it is less than 1 .0 . 
For purposes of this calculation assume that it is of the order of 0.2. 
Using these figures the terms in equation (V-19) become:
The experimental values for the friction factors in the low Reynolds num­
ber range are all of the order of magnitude of 0,020. Note that equation 
(V-19) predicts that the contribution of skin friction to the overall 
friction factor is very small. For the assumed case just discussed 
skin friction contributed only a little more than 2% of the total fric­
tion. This is in general agreement with the statement that when bound­
ary layer separation and wake formation is present the total friction is 
largely form friction and skin friction is unimportant.
£  . “ 0.50
v \ 2vo\ = 0.04
therefore, substitution in equation (V-19) gives:
f = (0.50 + 0.0125) • (0.04) = 0.0205
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Because of difficulties in measuring or estimating the various 
terms equation (V-19) does not appear to be acceptable as a design 
relationship. However, it does suggest that the friction factor • 
for turbulent flow at low Reynolds numbers could be correlated with 
the geometric ratio o/X. This correlation has been developed for 
both annular and helical-type hoses.
This relationship has been tested for values of Pe/F/(P/X) from 170 
to 1400.
This expression has been tested in the range of Re>̂ ?/(D/X) from 180 
to 2 ,0 0 0.
As the flow rate through the flexible hose increases the wake 
which has been generated behind the convolution begins to interfere 
with tne boundary layer or the next convolution. The proposed flow 
model for flexible hose assumes that this is the point where the fric­
tion factor begins to increase with an increase in flow rate. This 
result follows from the assumption that the flow mechanism in flexible 
hose is similar to that observed for flow across tube banks.
As was mentioned in Chapter II, Morris (39) proposed a wake- 
interference flow mechanism in connection with his study of flow over 






flow the relative roughness spacing D/X will be an important correlating 
parameter. In general, rough pipe is correlated with the relative rough­
ness parameter D/e. However, Morris concluded that for wake-interference 
flow the height e of the roughness element is relatively unimportant and 
the spacing X is of major importance.
Figure V-3 shows a comparison between the correlation Morris obtained 
for flew in corrugated channels, Nikuradse's correlation for flow in pipes 
roughened fcy densely-packed uniform sand grains, and the correlation devel­
oped for annular hose from the results of this study. Nikuradse's correla­
tion is usually interpreted in terms of the relative roughness parameter 
D/e, However, it is evident that D/X is numerically equal to D/e for his
pipes and hence either parameter can be used without affecting the numeri-
«
cal results. It should also be noted that Morris' correlation was derived 
«
from data obtained on pipes with diameters greater than 18 inches.
Experimental data for very high Reynolds numbers were not obtained 
in this study. This was due to capacity limitations in the pumps and 
compressors. In only a few cases did the experimental results demonstrate 
that the friction factor would approach a constant value at very high 
Reynolds numbers. However, Daniels and Cleveland (48) performed expe­
riments at very high Reynolds numbers and their results clearly indicate
that the friction factor does attain a constant value.
In the•correlations for both annular and helical-type hoses the 
value of ip(Pe*) at very high Reynolds numbers is taken to be 2.28.
Morris (39) concluded from his study that this limiting value is appli­
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Before the flow model proposed in this section can be accepted 
as fact further experimental work must be performed. Perhaps the 
most pressing need for the confirmation or rejection of this model 
is a good visual flow experiment. At the present time this has not 
been performed. The point to be emphasized is that available mathe­
matical methods seem capable of solving fluid mechanics problems only 
when adequate knowledge of the flow models is provided beforehand, 
and more often than not this essential information has been provided 
by a skillful visual study.
The basic approach to further ejqperimental work on flexible hoses 
should be modified. Experimental work should now be concerned with 
investigating fundamental quantities. For example, studies of the 
velocity profiles in the main stream of the hoses (i.e., the center 
core) and of flow patterns in the annular or helical segments created 
by the corrugations would contribute greatly to the understanding of the 
friction factor behavior. If the various mechanisms that consume mechan­
ical energy as "friction" can be isolated and evaluated separately, the 
results would be of immeasurable value in predicting the friction fac­
tor or - at the very least - in guiding and interpreting empirical cor­
relations.
Accuracy of Correlations:
Table V-l gives an indication of the accuracy of various correla­
tions for the data produced in this study. The appendix contains a list­
ing of the computer program used to obtain the results given in this 
table. For each hose (straight sections only) the average error ( % ) 1
Error = ^calc ” ^obs 
^obs
TABLE V-l 











N\SA 11 9.4 30.1 7.2 29.4 -17.6 40.1 259.1 244.9 146.9 140.1
NASA 12 29.7 61.9 38.5 52.9 24.9 64.4 175.1 147.6 -1 . 2 49.5
NASA 21 7.5 35.8 1 . 1 27.4 -5.0 34.3 270.0 235.0 141.4 124.0
NASA 22 -23.6 39.4 -5.6 21.7 -33.2 48.6 165.2 146.0 56.8 52.7
NASA 31 0 . 8 35.0 -8 . 2 33.5 -18.7 33.4 189.3 166.8 87.8 80.4
NASA 32 32.5 52.0 34.7 35.3 33.8 47.6 336.9 163.3 152.8 70.8
NASA 41 1.4 25,9 -17.4 33.0 -12.3 29.9 180.5 161.0 84.8 77.7
NASA 42 -7.0 31.6 5.2 23.2 -2 0 . 6 38.0 168.5 144.1 41.0 40.4
NASA 51 11.5 24,0 -6 . 2 2 2 . 1 -15.2 30.0 182.2 163.0 68.5 62.7
NASA 52 10.7 20.9 38.7 53.8 -24.4 31.8 149.8 148.7 -18.0 26.3
(1) Average error (%)
(2) Average standard deviation (%) 110
Table V
Hose FNASA FR
(1) (2) (1) (2)
NASA 61 9.8 28.3 -16.5 33.2
NASA 62 4,6 29.3 23.4 40.9
NASA 71 25.4 50.6 -5.7 54.5
NASA 72 5.4 1 1 . 1 18.7 32.1
NASA 81 45.1 49.6 13.8 26.0
NASA 82 13.7 17.8 22.9 30.4
NASH 1 16.7 40.8 20.7 37.0
NASI! 2 -20.5 38.4 -3.6 25.7
NASH 3 -15.6 29.0 -0.4 15.4
NASI! 4 - 3.8 26.8 3.3 19.2
NASH 5 - 4.5 19.3 3.7 23.1
NASI! 6 - 4.4 19.5 -7.8 20.7
NASH 7 15.8 17.4 -3.3 10.7
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NASA 11 — — —  . — 1 . 0 28.2 38.4 43.0 123.7 1 2 0.
NASA 12 — — w  m — -16.7 52.5 56.0 57.4 61.3 62.
NASA 21 9.0 19.8 25.0 50.6 1 1 . 0 31.1 41.4 50.7 1 2 1 . 1 107.
NASA 22 -4.3 2 0 . 8 25.5 53.7 -11.7 28.9 8 8 . 8 30.7 58.2 54.
NASA 31 4.8 26.7 8 . 1 39.1 0 . 2 31.7 6.5 40.0 6 8 . 1 65.
NASA 32 35.9 29.9 23.3 30.0 37.8 41.8 75.8 52.8 153.8 71.
NASA 41 -2 . 0 23.8 4.1 47.7 2 . 2 25.6 4.0 37.3 57.8 56.
NASA 42 4.7 2 2 . 6 2 . 8 34.7 1.5 34.7 8 . 0 3.1 49.6 46.
NASA 51 4.5 19.8 5.3 37.1 4.6 19.6 0.9 30.4 56.3 53.
NASA 52 -4.8 2 0 . 6 9.0 51.7 -4.3 19.5 35.2 36.6 35.4 47.
NASA 61 -3.6 28.3 16.2 51.0 0.5 26.8 -14.0 37.7 41.5 44.















NASA 71 0.9 52.1
NASA 72 -3.1 15.0
NASA 81 19.2 28.5
NASA 82 6 . 1 1 1 . 8
NASH 1 ~
NASI! 2 4.9 36.9
NASH 3 13.0 32.1
NASH 4 1 0 . 8 26,0
NASH 5 14.6 35.5
NASH 6 0.07 2 0 . 1
NASH 7 6.5 14.5
















(2) CD C2) Cl) C2) CD C2)
64.8 7.7 51.5 -6 . 1 52.8 47.5 57.
42.7 2 . 1 13.6 16.9 19.2 43.2 46.
56,4 32.7 41.4 19.7 2 1 . 6 89.4 95.
29.5 16.6 2 0 . 6 23.1 27,0 62.6 6 6 ,
— -1 . 0 43.8 83.9 65.2 1 0 1 . 6 78.
63.3 -3.2 24.6 30.4 36.6 78.1 72.
39.7 0.05 14.9 2 0 . 2 27.7 64.0 61.
51.4 1 2 . 1 20.5 2 1 . 6 31.1 66.9 61.
52.3 9.6 23.2 17.1 24.0 60,3 59.
41.4 4.0 18.9 -1 . 2 2 1 . 2 37.9 39.
36.9 16.2 20.5 14.3 19.6 67.2 67.



















N/SA 11 8 8 . 8 86.9 111.4 108.2
N/SA 12 122.5 107.3 53.2 57.7
NASA 21 93.4 85.4 109.5 98.2
NASA 22 48.4 47.1 50.0 48.3
NASA 31 47.1 51.9 59.6 59.8
NASA 41 36.4 43.0 50.3 51.6
NASA 42 49.6 46.0 42.5 41.6
NASA 51 43.4 43.7 49.0 47,6
NASA 61 27.3 36.2 35.2 40.4






1 0 . 6 26.8
-7.6 37.4
17.5 35.7







CD (2) CD (2)
NASA 71 39.1 54.1 41.0 54.8
NASA 72 63.8 68.5 37.0 40.2
NASA 81 76.2 81.2 81.1 86.4
NASA 82 74.2 77.9 55.5 58.8
NASH 1 159.5 122.4 91.3 71.1
NASH 2 78.1 72.1 68.7 64.2
NASH 3 64.0 61.4 55.4 - 53.8
NASH 4 66.9 61.2 58.7 54.6
NASH 5 60.3 59.6 52.3 52.2
NASH 6 37.9 39.8 31.4 34.5
NASH 7 62.8 63.2 59.6 60.1










13.3 2 2 .
9.8 2 0 .
-2.3 18.
















2and average standard deviation (%) are given. The following is a list
of the models compared in Table V-l:
FNASA - Equations (IT-52) through (11-56)
FR - Equations (IV-3) through (IV-13)
FR1 - Equations (IV-16) and (IV-17)
FN - Equations (11-45)
FDF - Equation (11-45)
FDC1 - Equation (11-49)
FMSU - Equation (II-4S)
FDC2 - Equation (11-50)
FHVH - Equation (11-51)
FNK1 - Equation (11-35)
FNK2 - This is the standard Nikurddse correlation corresponding 
to equation (11-35) except that (D/e) is replaced by the 
relative roughness spacing (D/X).
FCW - Equation (11-36)
FM - This is the Morris correlation for corrugated strip rough­
ness as given in reference (39).
Table V-l clearly indicates that Neill’s correlation FN is unaccept­
able for flow in flexible hose. Also, it appears at first that correlation 
FR1 is not as accurate as correlation FR. However, it should be noted that 
correlation FP1 was tested only for data in the lower Reynolds number reg­
ion where the friction factor is constant. Correlation FR, on the other
2 Standard deviation
where: n = number of observed values




hand, was tested over the entire range of Reynolds numbers. The con­
clusion to be made from the results presented in Table V-l is that 
correlation FR1 can predict friction factors in the low Reynolds num­
ber range (10,000 to about 70,000) with an accuracy of about 30%.
This lack of accuracy in the low range is to be expected since this 
is the region where the lowest pressure drops were measured. At low 
pressure drops any error in reading manometers or gages may be a sig­
nificant per cent of the total readings and hence the accuracy and 
precision decreases.
Another important fact should be brought out about some of the cor­
relations used in preparing Table V-l. Correlations FNASA, FN, FDF,
FHVH, FNK1, FNK2, and FCW do not predict the correct behavior observed 
for flow in flexible hose. FNASA assumes that there is a straight line 
relationship between the logarithm of f and the logarithm of Re. The 
only instance where f would be independent of Re is where 8 * 0 in 
equation (11-52). This correlation was developed using pressure drop 
and Reynolds number data from the water system. As can be seen from 
Figures (IV-l) through (IV-9) a log-log plot of pressure drop versus 
Reynolds number appears to be a straight line. If more data at higher 
and lower flow rates would have been available the nonlinear nature of 
the curve would have been more apparent. However, with the data avail­
able all statistical tests indicated a straight line relationship. At 
very high flow rates the data does indicate a nonlinear relationship, 
for example, see Figure IV-26.
Correlations FN, FDF, FNK1, FNK2, and FHVH indicate that the fric­
tion factor is a function of hose geometry alone and independent of
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Reynolds number. Surprisingly, correlations FR, FDC1, FMSU, FDC2, and FM 
all seem to do an adequate job of predicting friction factors for flow in 
flexible hose.
Data Obtained by other Workers:
Table V-2 gives the average en*or (%) and average standard deviation (%) 
for the various correlations using experimental data obtained by Daniels 
and Cleveland (51). Note that correlation FR predicts the friction fac­
tor with an accuracy of 24% for these data.
Figure V-4 shows data obtained by Daniels and Celveland for hose 
DCA4. These data clearly demonstrate that the friction factor assumes a 
constant value at high Reynolds numbers. The internal geometry of the
five hoses tested by Daniels and Cleveland is given in Appendix A.
«
Curved Hose Correlation:
The curved hose correlation was developed from data covering a range 
of D/rg from 0 to 0.079. This corresponds to a variation in the bend 
radius of from 3.18 ft. to a straight hose configuration (bend radius of 
infinity). The form of this correlation was given in Chapter IV:
Note the comparison between this expression and one given by V.Tiite (22) 
for turbulent flow in a curved pipe:
For a value of D/rg equal to 0,05 and a Reynolds number of 100,000, 
Equation (IV-18) predicts a value of fg/f equal to 1.42 while Equation
-0.17
(IV-18)


















DCA1 7.4 17.4 115.7 107.0 -17.7 36.7 -5.7 15.5 18.6 25.5
DCA2 -14.5 34.8 .94.0 71.7 13.2 36.4 9.2 14.1 -13.6 29.3
DCA3 17.4 24.0 152.0 137.0 26.9 30.6 20.3 25.1 19.0 25.5
DCA4 -5.8 15.3 104.1 98.8 19.8 23.2 5.9 1 2 . 1 13.4 15.5
DCA5 -23.9 29.6 81.3 82.0 35.4 37.1 -4.3 14.2 1 1 . 6 16.5
CD Average error (%)













18.5 29.9 46.6 47.2
14.1 36.6 7.8 37.8
39.0 3S.6 42.3 41.0
12.7 19.6 4.5 17.9












8 . 0 20.4
-13.5 2 1 . 0
-32.6 37.6
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pi-32) predicts a value of 1.30. This implies that curvature has a 
greater effect on energy dissipation due to friction for flexible hose 
than for common pipe. However, note that this effect decreases as 
the Reynolds number is increased for flexible hose while in standard 
pipe the effect becomes greater for an increase in Reynolds number.
Table V-3 gives an indication of the accuracy with which equation 
(IV—2 1) predicts values of the friction factor for curved sections of 
flexible hose. The results reported in this table are (1) the average 
error (%) and (2) the average standard deviation (%),
TABLF. V-3 
MODEL COMPARISON FOR CURVED HOSE
O o O o o o
Hose 30 60 90 120 150 180
CD (2) (1) (2) CD (2) CD C2) (D (2) CD C2)
NASA 11 12.9 28.2 -13.6 20.9 -14.5 21.5 -1 2 . 0 23.9 -15.2 30.2 2 . 1 24.9
NASA 12 34.4 70.8 37.1 6 8 . 8 33.4 59.0 34.5 54.6 34.1 54.5 36.7 56.3
NASA 21 6 . 1 9.8 6 . 6 1 1 . 0 4.4 8 , 8 0.4 1 1 . 8 2.3 13.9 -0.9 13.9
NASA 22 13.2 25.3 -4.0 24.2 2.5 35.5 7.6 14.5 2.4 17.4 -0.3 2 0 . 8
NASA 31 -6 . 6 16.0 -7.6 14.0 -11.9 18.7 -21.9 27.7 -26.9 36.0 -24.4 29.8
NASA 32 2.4 1 2 . 0 0.3 14.5 1 1 . 6 33.2 -8 . 8 23.8 -1 0 . 2 27.4 -14.5 28.2
NASA 41 -8 . 6 12.7 -1 1 . 2 15.5 -18.1 2*2.5 -24.5 30.6 -19.9 27.2 -28.2 33.}
NASA 42 3.2 21.5 1.3 IS.5 -5.7 16.9 -6 . 1 24.3 -6 . 6 16.4 -7.0 2 2 . 8
NASA 51 -9.3 17.8 -13.7 19.4 -15.8 24.0 -21.4 81.2 -16.7 23.9 -23.4 . 30.4
NASA 52 45.4 C9.7 51.0 76.5 52.2 74.2 50.1 72.1 49.0 71.1 53.2 75.7









13.8 27.2 14.0 25.3 1 1 . 2 28,9 7.2 23.6 8.7 23.7
(2) Average standard deviation (%)
t
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Table V-3 (cont’d) 
0 0 0 
Hose 30 60 90
Cl) (2) CD (2 ) CD (2)
NASA 71 9.5 16.3 -0.7 7.6 -7.8 11.7
NASA 72 1.3 44.9 7.6 28.3 2 . 1 36.3
NASA 81 -1 1 . 1 17.7 -8.7 16.0 -17.0 22.3
NASH 1 15.1 21.9 16.8 24.5 16.6 23.9
NASH 2 1 . 2 15.6 1.5 11.3 1 . 2 12.7
NASH 3 3.1 14.7 5.3 14.2 2.7 17.9
NASH 4 4.3 16.9 6.3 16.0 -0.9 2 2 . 0
NASH 5 4.7 32.4 1 1 . 0 25.6 9.6 23.1
NASH 6 -7.9 34.8 -10.5 24.3 -1 2 . 0 17.9
NASH 7 -7.2 IS. 2 -7.2 12.7 -1 0 . 2 15.0
NASH 8 -1.3 7.8 -6 . 2 12.5 -1 1 . 8 15.1
120
CD (2) CD
-8.7 13.4 -6 .
-2.5 30.0 6 .
-24.5 33.9 -14.
19.3 27.8 2 2 .
0.5 17.2 S.
1 . 6 14.2 3.
-3.6 20.5 -3.
5.0 23.2 2 .









13.9 -0.5 1 1 . 0
1 1 . 1 0.7 1 2 . 6
18.1 -3.9 36.4
19.2 0.4 22.5
55.4 -14.5 2 0 . 2
17.9 -22.7 ' 37,8




















1. Energy consumption due to friction is 4 to 5 times greater 
for flow in flexible metal hose than for flow in a smooth tube of the 
same size and at the same Reynolds number.
2. The empirical correlation presented in this dissertation 
predicts values of the Fanning friction factor for flow in flexible 
metal hose with an accuracy of + 2 0%.
3. For turbulent flow in the low Reynolds number regime the 
friction factor is independent of Reynolds number. However, as the 
Reynolds number increases above this regime the friction factor begins 
to increase with further increase in the Reynolds number. This indi­
cates that a change in flow mechanism has occurred. At very high 
Reynolds numbers the friction factor again becomes independent of the 
Reynolds number.
4. A flow model has been proposed which attempts to explain the 
behavior of the friction factor for flow in flexible metal hose. 
Results obtained from studies of flow across tube banks in heat 
exchangers form the basis for the model.
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5. For turbulent flow in straight hose the friction factor is a 
function of Reynolds number and the dimensionless geometric parameter 
D/X.
For annular hose the correlation is:
170 Re* 1,400
i  -  4 log I — 1 - 4.35 (VI-1)
*  W
1,400 < Re* < 11,000
p  - 4 log ( ip (Re*) (VI-2)
where KRe*) is a function of Re* and is given in Figure (IV-43). Note 
that Re* ■ Rei(T/(D/X)
Re*  ̂11,000
i  - 4 log /-1- 2.28 (VI-3)
■If
For helical hose the correlation is:
180 <_ Re* £  2,000
-  - 4 log I-]= 4.28
/f I XI (VI-4)
2,000 < Re* < 16,000
-  - 4 log |-| « ip (Re*) (VI-5)
/f \ x j
where ^(Re*) is a function of Re* and is given in Figure (IV-44).
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Re* > 16,000
—  - 4 log 
/F
D * 2.28 (VI-6 )
X
These correlations are also presented in the form of plots of friction 
factor versus Reynolds number with X/D as a parameter. Figure (IV-45) 
is the plot for annular hose and Figure (IV-46) the plot for helical 
hose.
6 . The correlation for turbulent flow in a curved hose is 
applicable to both annular and helical hoses. The ratio of the fric­
tion factor for a curved hose to that for a straight hose is:
where D is the inside minimum diameter and rB the bend radius. 
Recommendat ions:
1. A better understanding should be obtained of the flow 
mechanisms and phenomena which are responsible for the differences 
in the behavior of friction factors in flexible metal hose and those 
in smooth rigid pipe. The behavior found in the present study was 
noted in some of the literature references which were cited in Chapter
II. A qualitative explanation of this behavior has been proposed but 
further study is needed to verify the flow model.
2. To accomplish this objective the basic approach should be
modified to investigate the fundamental quantities which the work
«
just concluded has pointed out as being most needed. For example,
\
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studies of the velocity profiles in the main stream of the tubes and 
of the flow patterns in the annular or helical segments created by the 
corrugations would contribute greatly to the understanding of the fric­
tion factor behavior.
A skillful visual study would be a powerful tool in obtaining 
adequate knowledge of the flow model in flexible metal hose. The 
importance of this technique has been shown by the studies conducted 
on flow across tube banks of heat exchangers.
3. Existing empirical correlations should be expanded and 
improved. Work in this area might take the form of developing a corre­
lation for two-phase flow in flexible hoses. Another problem area 
which might be investigated concerns the flow of cryogenic fluids 
through flexible hose. This would be particularly important to workers 
in the Missiles and Aerospace Vehicles Sciences.
{
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Flexible Metal Hose Dimensions
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FLEXIBLE METAL HOSE 
NOMENCLATURE
All flexible metal hoses used in this study are denoted by the 
letters NAS. A fourth letter is added to indicate whether the hose 
is annular or helical, e.g., NASA means an annular hose and NASH, a 
helical hose. The number following these four letters is used with 
Table A-l to define the internal geometry of the flexible hose, e.g., 
NASA 62 stands for an annular hose with D * 2,044", > » 0.375", 
e « 0.219", and o * 0.203".
The flexible hoses used by Daniels an.i<Clevelanc are denotM by 




Flexible Metal h'ose Dimensions
D X e 0
Annular: (inches) (inches) (inches) (inches)
NASA 11 0.551 0.125 0.156 0.0781
NASA 12 0,555 0.1875 0.125 0.109
NASA 21 0.771 0.156 0.1875 0.0937
NASA 22 0.774 0.172 0.1875 0.09375
NASA 31 1 .0 1G2 0.181 0.219 0.1094
NASA 32 1 . 0 1 2 0.203 0.219 0.109
NASA 41 1.266 0.1875 0.234 0.125
NASA 42 1.255 0.219 0.219 0.109
NASA 51 1.483 0.219 0.250 0.125
RASA 52 1.500 0.344 0.219 0.172
NASA 61 * 2.046 0.250 0.297 0.172
NASA 62 2.044 0.375 0.219 0.203
NASA 71 2.565 0.3125 0.344 0.1875
NASA 72 2.535 0.406 0.328 0.2188
NASA 81 2.990 0,375 0.422 0.1875
NASA 82 3.003 0.453 0.406 0.203
helical:
NASH 1 0.535 0.172 0.125 0.0781
NASH 2 0.768 0.1875 0.1875 0.09375
NASH 3 1.061 0.250 0.250 0.1094
NASH 4 1.299 0.250 0.250 0.125
NASH 5 1.560 0.3125 0.3125 0.133
NASH 6 2.081 0.344 0.344 0 .1F6
NASH 7 2.573 0.375 0.391 0.172










Dimensions of Flexible Hose 













Many sigmoid curves, both normal and skewed, can be fitted sat­
isfactorily by the equation
5 * x - xj (B-l)
a + bx
vhere
5 " l02 f 20y 1 (B-2)
[log C100 - y) J
and corresponds to y = 0 .1, and a and b are the intercept and slope,
respectively, of the straight line that results when x - Xj is plotted
§against x. '
Equation. (B-l) holds if, when x - Xj is plotted against x, a 
single straight line results for the ® entire practical range of x.
In some instances improved fitting can be attained by dividing the 
range of x and by working with two intersecting straight lines.
Davis (1) gives a detailed calculation procedure to be used 
with this technique.
Illustration Bl:
Figure IV-44 indicates that the curve representing the rela­
tionship between -̂ (Re*) and Re* for helical-type hose has a sigmoid 
shape in the range of Re* from 2000 to 16,000. The data in this 
























The following mathematical transformations are made: 
x ■ log Re* - log (2000)
x * log Pe* - 3.301 (B-3)
y * 4.23 - *(Pe*) (B-4)
A plot of y versus x is then constructed and a value of Xj (corres­
ponding to y * 0.1) is obtained. Figure B-l shows this plot. For 
the helical - type hose data Xj * 0.116.
Figure B-2 is a plot of x - 0.116 versus x for these data.
§
Note that the plot clearly indicates that two intersecting straight
lines are required to accurately describe the data.
Upon determination of the slopes and intercepts for these 
lines the following results are obtained: 
for x 0.58
«
S ■  x - 0.116






for x > 0.58
S * x - 0.116 (B-6)
'0.059 + 0.6U0 (x)
These are the equations reported in Chapter IV.
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APPENDIX C 
Computer Program for Model Comparison
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C THIS PROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER.
C THE PROGRAM CALCULATES PREDICTED FRICTION FACTORS FROM VARIOUS 
C MODELS AND COMPARES THEM TO OBSERVED FRICTION FACTORS. THE 
C OUTPUT FROM THE PROGRAM IS ERROR(PER CENT) AND STANDARD DEVIATION 
C (PER CENT).
C




C READ INTERNAL GEOMETRIC PARAMETERS 





C READ fiENC RADII
REAC51,(R( I),1 = 1,7)
51 FORMAT(7F1C.0)
C REAC HEADER CARD 
C N=NUMB£R CF DATA POINTS
C NN=INDICATES TYPE OF HOSE, IF 1 OR 2 ANNULAR-TYPE, IF 3 HELICAL 
C 0=INS ICE CIAMETER, INCHES 
C LANG=REND ANGLE, DEGREES 
78 REAC4 3»N»NN,D,LANG
43 FORMAT(I10,10X,110,F1C.0,110)
C REAC CBSERVEC DATA POINTS 
C RE(I)=REYNOLCS NUMBER 
C FA(I)=CBSERVEO FRICTION FACTOR 




















C CALCULATE PRECICTED FRICTION FACTOR, FPU)
00 3CC I = 1 ♦ N
F P U )  = FNASA(NN,RE(I ) ,DIAM(NN,NG> ,DEPTH1NN,NG)»PITCH{NN,NG) , 
•AXIAL (NN,NG)»R(NA)»L ANG)
300 CONTINUE 
C CALCULATE ERROR AND STANDARD DEVIATION 
PCER = ERROR(N,FA,FP)
PCSER = DEVR(N,FA» FP,LANG)
PRINT 32,PCER,PCSER 
32 FORMAT! /1C-X,5HFNASA,2X,E20.8,E20.8)
C CALCULATE PREDICTED FRICTION FACTOR, FPlI)
DG500 I = 1,N
F P U  )=FR(NN,RE(I ) ,DIAM(NN,NG) , P I TCHt NN, NG ) ,LANG,R( NA ) )
500 CONTINUE 







C CALCULATE PREdCTEO FRICTION FACTOR, FP (I) 
00 44C 1 = 1,N
RRSsOIAM(NN»NG)/PITCH(NN*NG) 
RSS=PITCH(NN,NG)/AXIAL(NN,NG)
R6S= ( R E ( I) «FA ( D/RRS)
IF(NN-2)411,411,412
411 IF(RES-14C0.0)413,413,440
413 J = J + 1














C CALCULATE PREDICTED FRICTION FACTOR, FP(I)
417 D06CCI = 1, N
FP!I)=FN(DEPTH(NN,NG),DIAM(NN,NG))
600 CONTINUE 





C CALCULATE PREDICTED FRICTION FACTOR, FPU ) 146
t)
DG70CI = 1» N
FPtI)=FDF(PITCH(NN^NG),DIAM(NN,NG),DEPTH(NN,NG))
700 CCNTINUE 





C CALCULATE PREDICTED FRICTION FACTOR, F P U )
D080CI=I,N
FPI I) = FDC1(RE(I),DIAM<NN,NG),DEPTH(NN,NG))
8C0 CCNTINUE 





C CALCULATE PREDICTED FRICTION FACTOR, F P U )
DC90CI = I * N
F P U  I = FMSU(RE(I ),01 AM(NN,NG),DEPTH(NN,NG),PITCH(NN,NG),AXIAL(NN,NG 
*) )
900 CCNTINUE 





C CALCULATE PREDICTED FRICTION FACTOR, FPU)
DDIOOC 1 = 1,N
FP( I)=FDC2(RE(I),DEPTH{NN,NG),DI AM(NN,NG))
1000 CCNTINUE 





C CALCULATE PRECICTED FRICTION FACTOR, FPfI)
DC120C1 = 1, N
FPU)=FHVH(CIAMINN,NG),PITCH(NN,NG)J 
1200 CCNTINUE 





C CALCULATE PREDICTED FRICTION FACTOR, FPU) 
D0130CI=1»N
F P U  )=FNK1 IRE!I),DIAM<NN,NG),DEPTH(NN,NG)) 
1300 CCNTINUE 





C CALCULATE PREDICTED FRICTION FACTOR, FPU )
DO 1ACC 1 = 1,N
FP(I) = FNK2(RE(I),DI AM(NN,NG),PITCHINN,NG)) 
1400 CCNTINUE 





C CALCULATE PRECICTED FRICTION FACTOR, FP(I) 
D015CC 1 = 1,N
FPII) = FCWIREII),D1AM(NN,NG),DEPTHINN,NG)) 
1500 CCNTINUE 





C CALCULATE PREDICTED FRICTION FACTOR, FP CI) 
D0160C I = I»N
FP(I) = FM{RE( I),CIAM(NN,NG),PITCH{NN,NG)J 
16C0 CCNTINUE 










C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 704C COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 




B1 = 2 .9866834E-01*GE0Ml-3. 1293821E-02 
GECM2 = (PH-SJ/EPS 
IF(NN.EC.3)GO TO 720
BO * 1.5882587E-02*GE0M2-2.IA825I1E-03 
GC TC 703
720 B0S2.9156283E—02*GEUM2— 8•8616C99E—03
703 FFM = B0«(REN*»B I)
IF(LANG)701,701,702
701 FNASA = FFM 
RETURN
702 GECM3 » DI/{12.0*RB)




C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 70AC COMPUTER. 
C THIS SUBPROGRAM IS USCD BY THE MAIN PROGRAM TO CALCULATE PREDICTED 
C FRICTIGN FACTORS FROM MODEL FR.
C
FUNCT ION FRI NN, REN , DI» PH,L*ANG» BR )
DIMENSION YA(LOO) * YH (100),F(1C0)
RRS=CI/PF 
F (1 ) =C . 0 2 0  
D020CJ = 1 * ICO 
JJ=J+1
RES=(RENMF(J)*»0.5)J/RRS 
I F (NN-2)7» 71 8
7 IF{RES-1A00.0)A» 5,5
A FRES = A.35
GC TO 1A1
5 IFtRES-llGOO.O)6,9,9
6 XA = £L0G101R£S)-3.1A6128 
IF(XA-.5A)11,12,12
11 S = (XA-0.09A)/(0.090+0.539*XA)
Y A (1) = 0.5
GO TO 1A2
12 Y A( 1) = 1.6
S * (XA-0.C9A)/(0.0395+0.633*XA)
142 DO 30C L = 1,100 
LL = L + 1
YA< LL ) = M10.0**S)/20.0)*(ALOG10(lOO.O-YA(L))) 
IF(ABS(YA(LL)-YA(L))-C.0001)13,13,300
13 FRES = A.35 - YA(LL)
GO TG 1A 1
300 CCNTINUE 
9 FRES = 2.28 
GC TO 1AI
8 IF(RES-2C0C.0)1A,15,15 
1A FRES =5 A.28
GO TO 141
15 IFIRES-160C0.0)16,17,17
16 XH = AL0G10(RES)-3.30103 
IFIXH-.58)18^18*19
18 S * (XH-0.1l6)/t0.153+0.4375*XH)
YHfl) = 0.5
GC TC 143
19 Y H (1) = 1.6
S * (XH-C.116)/(0.059+0.600*XH)
143 00 4CC M = 1,100 
MM = M + 1
YH(MM)={(10.0**S)/20.C)*(ALOG10(100.0-YH(M))) 
I FtABS(Yh( MM )-YH(M>.)-0. 0005)21,21, 400
21 FRES = 4.28-YHIMM)
GC TC 141
400 CCNTINUE
17 FRES = 2.28
141 F (JJ ) = l.C/((FRES+4.0*ALOG10(RRS))**2)
IFtABS(F(JJ)-F(J n-0.0015)22,22.200 
200 CCNTINUE22 IFILANG)23,23,24 
24 CCNTINUE
RFF=1.0+59.0*1(01/12.0)/BR)*(REN**(-0.17))








C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 
C FRICTION FACTORS FROM MODEL FN.
C
FUNCTION FN(EPS,DI)
FN*C.16*(EPS/DI ). * * 0 • 5
RETURN
END
C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 






C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 
C FRICTICN FACTORS FRCM MODEL FDC1.
C
FUNCTION FCCI(REN,DI * EPS)








C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 704C COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM CALCULATE PREDICTED 
C FRICTICN FACTORS FROM MODEL FMSU.
C
FUNCTION FMSUIREN,DI»EPS,PH,S)








F (1 ) =C . 0 2 0  
DC101J=1,ICO 
JJ=*J+1
F(JJ) = 1.0/1(3.48—B1*ALOG(AfH/(REN*SORT(F t J )))))**2)
IFtABS(F(J J)— F tJ))-0.CC01) 102,102,101
101 CCNTINUE
102 FMSU= F (JJ)
RETURN
END
C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 




RR = EPS/t DI+2.0*EPS)

















C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 




RRR = EP S/CI 

































C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 70AC COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 







C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 






































C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 7040 COMPUTER. 
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 
C FRICTION FACTORS FROM MODEL FCW.
C
FUNCTION FCW t REN,CI*EPS)
DIMENS ION F(100)
RR=OI/EPS 











C THIS SUBPROGRAM IS WRITTEN IN FORTRAN IV FOR AN IBM 70A0 COMPUTER.
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE PREDICTED 
C FRICTION FACTORS FROM MODEL FM.
C
FUNCTION FMlREN»DI»PH) J *
DIMENSION Ft 100),YY(100)
RRS=TI/PH >





















5A2 DC550L=il, ICO 
LL*L+1
YY{LL) = ((10.0**S)/20.0)*t AL0G10(100.0—YY(L)))





541 F(JJ»l.0/I(FRES+4.0*ALOG10(RRS) )**2) 





C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE THE PER 







DC180C L = 11 N







C TH«IS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE THE PER 
C CENT STANCARD DEVIATION OF THE PREDICTED FRICTION FACTORS FROM 
C THE OBSERVED FRICTION FACTORS.
C
FUNCTION CEV(N* FA* FP)
DIMENSION FA(200 ) * FP(2C0)
SUMSFrO.O 
SUMFF=0.0 










C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE THE PER 
C CENT STANCARD DEVIATION OF THE PREDICTED FRICTION FACTORS FROM 
C THE OBSERVED FRICTICN FACTORS.
C
FUNCTION DEVR(N*FA,FP,LANG)
DIMENSION FA I 200)» FP t 2C0)
SUMSF=0.0 
SUMFF=0.0 
D0190C L~ 1* N
SUMSF = SUMSF-MFPIL)-FA(L) )**2 







1902 SSCEVt SUMSF/1AN— 6.0)
1903 DEVR=(SQRT(SSDEV)/AVEFF) *1*00.0 
RETURN
ENO
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE THE PER 
C CENT STANCARD DEVIATION OF THE PREDICTED FRICTION FACTORS FROM 
C THE OBSERVED FRICTIGN FACTORS.
C
FUNCTION CEVN{N,FAfFP,LANG)
















C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE THE PER 
C CENT STANCARD DEVIATION OF THE PREDICTED FRICTION FACTORS FROM 
C THE C8SERVED FRICTION FACTORS.
C
FUNCTION CE3(N,FA,FP)
CI MENS ION FA(200) t FP(200)
SUMSF=0.0 
SUMFF = 0 • G 







DE3 = (SQRT< SSDEV)/AVEFF)*100.0
RETURN
ENC
C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE THE PER 
C CENT STANCARD DEVIATION OF THE PREDICTED FRICTION FACTORS FROM 
C THE CBSERVEO FRICTION FACTORS.
C
FUNCTION CE4(N,FA,FP)
C I M F N S I O N  F A (200)» F P (2C0)
SUM SF = 0 •0 
SUMFFsQ.O 
D0190CL=1,N









C THIS SUBPROGRAM IS USED BY THE MAIN PROGRAM TO CALCULATE THE PER 
C CENT STANCARD DEVIATION OF THE PREDICTED FRICTION FACTORS FROM 
C THE OBSERVED FRICTION FACTORS.
C
FUNCTION CE7(N»FA*FP)
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